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ABSTRACT

Author: Lu, Hang. PhD
Institution: Purdue University
Degree Received: August 2018.
Title: Effects of Exogenous Enzymes and Live Yeast on Growth Performance, Nutrient
Digestibility and Gut Microbiome Diversity in Pigs
Committee Chair: Dr. Kolapo Ajuwon and Dr. Layi Adeola.
Supplementation of pigs with exogenous xylanase, phytase and live yeast (LY) has been
shown to enhance pig performance. However, the effect on weanling pig performance is not
clear. Therefore, the objective of the series of studies described in this dissertation was to
determine the effects of xylanase, phytase and live yeast on growth performance, nutrient
digestibility and fecal gut microbial diversity of weanling pigs.
The first experiment was to determine the timing of xylanase supplementation to
weanling pigs fed corn-soybean meal based diets and its effect on growth performance, nutrient
digestibility and the composition of the gut microbiome. A total of 128 weanling pigs (Duroc ×
Yorkshire × Landrace); barrows: gilts = 1:1; 6.2 ± 0.6 kg BW; weaning age: 21 d) were
randomly assigned to 4 treatments, 8 replicate pens with 4 pigs per pen based on their body
weight (BW) at weaning. The 4 treatments were a combination of 2 dietary treatments (with or
without xylanase) in 2 time points [phase 1 (day 0-14) and phase 2 (day14-42)]:
xylanase/xylanase, xylanase/control, control/xylanase and control/control. Results from this
experiment showed that xylanase supplementation to pigs fed corn soy diets within the first two
weeks of weaning could lead to reduced growth performance, primarily due to suppressed feed
intake. On the other hand, adding xylanase from two weeks post-weaning led to improvement in
growth performance up to 6 weeks after weaning. In addition, xylanase addition improved gross

xvii

energy (GE), nitrogen (N) and phosphorus digestibility at 6 weeks post-weaning, regardless of
whether xylanase was added within the first two weeks of weaning or thereafter. However,
xylanase supplementation and time of xylanase addition had no effect on fecal microbial
community structure at 6 weeks post-weaning.
As a follow-up to the observation that the first two weeks post-weaning was critical when
xylanase is added to weanling pig diets, a second study was conducted to determine the effects of
xylanase and LY supplementation individually or in combination during first two weeks post
weaning on long term growth performance, nutrient digestibility and gut microbiome diversity of
pigs. A total of 180 weanling pigs (21 ± 2 d, BW: 6.2 ± 0.16 kg) were assigned to 5 treatments in
a randomized complete block design (6 replicate pens, 6 pigs per pen) from weaning to market.
The 5 treatments were: control/control, control/xylanase, xylanase/xylanase, LY/xylanase,
xylanase+LY/xylanase, where the first diet was fed from weaning to 2 weeks. Thereafter, the
second diet was fed from 2 weeks post weaning to d 141 with 6 phases of corn/soybean meal
(SBM)/corn distiller's dried grains with solubles (DDGS) diets. Results from this study showed
that LY supplementation with or without xylanase increased average daily gain (ADG) at two
weeks after weaning (P <0.05) and increased GLUT2 gene expression (P <0.05) on d 15. In
addition, xylanase supplementation from week 2 increased apparent total tract digestibility
(ATTD) of GE, N and P at the end of day 43 (P <0.05). We also observed a limited effect of
xylanase and LY on microbial abundance, whereas a significant effect (P <0.05) of pig age was
found on fecal microbial community structure
A third study was conducted to determine the effect of supplementation of xylanase and
LY on long term growth performance and nutrient digestibility of weanling pigs. A total of 128
weanling pigs (21 ± 2 d, BW: 6.24 ± 0.20 kg) were assigned to 4 treatments in a randomized
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complete block design (8 replicate pens, 4 pigs per pen) from weaning to market. The 4
treatments were as follows for two feeding periods; wean to d 21 and d 21 to d 154; T1)
control/control, T2) xylanase/xylanase T3) xylanase +LY/xylanase; T4) xylanase + LY/ xylanase
+ LY. Pigs were fed a 6-phase feeding program from weaning to market. Pigs were fed a
complex diet for 3 weeks from weaning after which they were fed a corn, SBM, corn distillers
based diet formulated to meet the pigs’ nutrients requirements (NRC 2012). Xylanase was added
at 16,000 BXU/kg and LY was added at 1 g/kg from weaning to d 21, after which if included in
the diet, it was reduced to 0.5 g/kg from d 21 to d 156. In contrast to previous studies, diet had no
effects on growth performance from weaning to d 21. During the grower phase (d 42-98) pigs
fed T3 and T4 had higher (P < 0.05) ADG during the growing phase by 6.7% and 6.1%,
respectively, compared with the control with T2 being intermediate. In the finisher period (d98156), pigs fed with T4 had higher ADG than T1. At the end of the trial, pigs fed T3 had higher
body weight than T1 with T2 and T4 intermediate and not different (P > 0.05) from T1. In
addition, the ATTD of N was increased by T2 and T2, T3 and T4 had higher digestibility of P
compared with T1 at the end of the nursery phase. The ATTD of dry matter (DM) and GE was
increased by T4 and T2 increased ATTD of N at the end grower phase.
The fourth study was conducted to determine the effects of LY supplementation to sows
during gestation and lactation and to their offspring after weaning on growth performance and
nutrient digestibility of their offspring. A total of 40 sows were assigned to two dietary
treatments (control vs. LY) based on parity and expected farrowing date. Birth weight, weaning
weight, litter size and mortality were measured. After weaning, 128 mixed-sex piglets (64 from
each sow treatment) were selected based on their source litter and initial BW, and randomly
assigned to 2 treatments (control or LY) at 4 pigs per pen (total of 32 pigs per treatment) for a 6-

xix

week growth performance study. At the end of the growth performance trial, 2 barrows from
each pen were moved to metabolism crates for total fecal collection for the digestibility trial.
Addition of LY to the sow diets had no effects on birth weight, weaning weight, number of birth
and mortality (P > 0.05). Piglets had greater BW on d 21 and 42 postweaning when sows were
supplemented with LY, and overall ADG was greater in piglets from sows that received LY (P <
0.05). There were no effects of sow and nursery diets on overall average daily feedintake (ADFI)
and gain to feed ratio (G:F) (P > 0.05). Supplementing LY during the nursery phase increased
ATTD of DM, GE and P during this phase. The ATTD of GE was also greater in piglets from
sows that received LY.
Effects of super dosing phytase on growth performance, nutrient digestibility and serum
inositol phosphates of nursery pigs were determined in the last study. A total of 160 barrows
were used in a randomized completely block design for a seven-week study. Pigs were assigned
to four treatments based on their initial body weight, the four treatments including a positive
control diet (PC); negative control diet (NC); NC+500 FTU/kg phytase and NC+2000 FTU/kg
phytase. Phytase supplementation increased the BW on d 21, 35 and 49 (P <0.05). ADG, ADFI
and feed efficiency were increased by 2000 FTU/kg phytase (P <0.05). Fed blood plasma
inositol concentration was higher (P < 0.01) in the 2000 FTU/kg phytase diet. Phytase
supplementation increased (P < 0.01) InsP2 and myo-inositol concentration in the duodenal
digesta. Similarly, phytase supplementation decreased InsP6 and InsP5 concentrations in the ileal
digesta and increased InsP2 and myo-inositol concentration (P < 0.01) in the ileum. Both phytase
diets had increased (P < 0.01) InsPs disappearance compared with NC. InsP6 disappearance
from the digesta was increased (P < 0.05) by phytase supplementation. Total InsPs
disappearance was 93.6% in the 2000 FTU/kg phytase diet and 72.8% in the 500 FTU/kg

xx

phytase diet. Longissimus dorsi (LD) muscle plasma membrane GLUT4 concentration was
increased (P < 0.01) by 2000 FTU/kg phytase supplementation compared to other treatments.
In summary, xylanase supplementation from weaning until two weeks post weaning had
negative effects on growth performance of pigs. However, xylanase supplementation from two
weeks post weaning increased growth performance. Supplementation of sows with LY during
gestation and lactation increased growth performance of piglets born to those sows. In addition,
supplementation of LY from weaning increased nutrient digestibility of piglets. However, age
was the only significant factor that affected fecal microbial community diversity in pigs fed with
xylanase or LY. Supplementation of super dosed levels of phytase to weaning pigs led to
increased growth performance.

1

CHAPTER 1. LITERATURE REVIEW

1.1. Introduction
The current world population was estimated at 7.6 billion in 2017, and it is estimated
that the total world population will reach about 11 billion by 2100 (United Nations, 2017).
Therefore, there is a large demand for food needed to meet the requirements of the rapidly
increasing world population. Beef, pork, chicken are the main sources of protein for humans.
Therefore, there is a great challenge to produce enough animal protein for human consumption.
The use of exogenous enzymes and other feed additives is an alternative way for increasing the
efficiency of conversions of feed to body protein in non-ruminants such as pigs and poultry.
Modern sows have been selected for large litter size. With the increase in litter size there
is a higher frequency of pigs that are born small for their gestational age. These small pigs have a
high risk of mortality during the preweaning period (Foxcroft et al., 2009). They also encounter
problems immediately after weaning due to fierce competition with other weaned pigs.
Therefore, the gestation, lactation and nursery (4 weeks post weaning) periods are critical period
(Ji et al., 2017) for determining how well they will thrive. Piglets are usually weaned at 21 days
of age, and weaning is a stressful procedure for pigs. This is partly because, in contrast to the
easily digestible and absorbable nutrients from milk they receive before weaning, pigs transition
to solid meals after weaning, and these are less digestible due to low activity of digestive
enzymes immediately after weaning (Lenoard et al., 2011; Kim et al., 2012a). Besides, there is
variety of anti-nutrients present in the mostly plant-based feed pigs receive after weaning such as
non-starch polysaccharides (NSP), phytate or phytic acid and protease inhibitors (Adeola and
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Cowieson, 2011). These antinutrients reduce nutrient utilization of animals. In addition, the
mixture of pigs from different litters creates an initial struggle for dominance and induce
gastrointestinal tract (GIT) disorder and impaired growth performance (Li et al., 2017). The
immune system of pigs at weaning is still immature and the removal of milk further weakens it
(Bailey et al., 2005). Impaired gut epithelial layer at weaning increases proliferation and
attachment of pathogenic bacteria, leading to frequent bouts of diarrhea and depression in the
growth performance of weanling pigs (Pluske et al., 2002). Therefore, exogenous enzymes like
carbohydrases, phytases, proteases, lipase are added to commercial animal diets to increase
nutrient digestibility. These have been shown to increase growth performance and decrease feed
cost. The addition of probiotics and prebiotics have also been found to be beneficial by creating a
friendlier gut microbiome that promotes better gut health.

1.2. Nutrient requirement of weanling pigs
There are six essential nutrients that are required for animals: carbohydrates, proteins, fat,
minerals, vitamins and water. Pigs require different amounts of nutrients at different stages of
life. For example, the daily metabolic energy (ME) intake requirement for pigs with body weight
from 5-7 kg is 904 kcal whereas it is 9196 kcal per day for 100-135 kg pigs (NRC, 2012). The
requirement of ME, crude protein (CP), phosphorus (P), calcium (Ca) and standardized ileal
digestible Lys for weaning pigs (5-7 kg) are 3400 kcal, 227 g, 7 g, 8.5 g and 15 g per kg diet
(NRC, 2012). These requirements are 3300 kcal, 104g, 4.3 g, 4.6 g and 6.1 g per kg diet for 100135 kg pigs. (NRC, 2012).
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1.2.1. Carbohydrates
Carbohydrates, including monosaccharides, disaccharides, oligosaccharides and
polysaccharides are classified based on their chemical properties (Figure 1-1, NRC 2012).
Polysaccharides, oligosaccharides and disaccharides must be digested to monosaccharides before
absorption. Starch is the major carbohydrate present in cereal grains, and the digestion of starch
is through the hydrolyzation of α-amylase by salivary and pancreatic amylases (Englyst and
Hudson, 2000). The end products of starch digestion by amylase are maltose, maltotriose and
isomaltose. Maltose and maltotriose can be hydrolyzed by maltase. Isomaltose is hydrolyzed by
isomaltase to glucose. Disaccharides include sucrose, maltose, lactose, cellobiose, gentiobiose
and trehalose. In pigs, sucrose, maltose, lactose and trehalose can be cleaved by sucrase, maltase,
lactase and trehalase, respectively. These yield two molecules of glucose (maltose) or one
molecule of glucose and fructose (sucrose), or one molecule of glucose and galactose each
(lactose), respectively (Figure 1-1, NRC 2012). However, cellobiose and gentibiose cannot be
digested in pigs due to the lack of enzymes responsible for their digestion (NRC, 2012).
Therefore, these disaccharides can only be fermented by microbes in the GIT of pigs.
The monosaccharides must be absorbed after digestion. The absorption of
monosaccharides is through passive absorption and active transport (Englyst and Hudson, 2000;
Yen, 2011). Active absorption of glucose and galactose in the small intestine of pigs is through a
sodium dependent transporter (Sodium-glucose cotransporter 1, SGLT1; Thorens et al., 1990).
Absorption of fructose from the lumen is through the facilitative transporter glucose transporter 5
(GLUT5, Burant et al., 1992). Once absorbed, glucose or fructose will leave the enterocytes and
enter the blood stream through glucose transporter 2 (GLUT2, Thorens et al., 1990; Burant et al.,
1992) on the basolateral membrane. However, non-starch polysaccharides (NSP) cannot be
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digested or are poorly digested in the small intestine and are thus fermented in the large intestine
by microbes (Adeola and Cowieson, 2001; Wellock et al., 2008; Choct et al., 2010). The use of
exogenous carbohydrases increases the digestibility of the NSP, decreasing the amount that reach
the large intestine for fermentation.

1.2.2. Protein
Protein is comprised of amino acids (AA). There are total of 20 primary amino acids in
which some are essential and non-essential to pigs (Table 1-1, NRC 2012). Essential AA are
those that cannot be synthesized by pigs and must be acquired from feed or the diet. Examples
are Lys, Met, Trp and Tre. Non-essential AA are those that can be synthesized by pigs from
essential AA. There are also some AA that can be synthesized by pigs but at a very low rate.
These AA are defined as conditionally essential AA. Examples are Arg, Cys, Gln, Pro and Tyr.
Digestion of proteins start in the stomach from the proteolytic action of hydrochloric acid. The
HCl activates pepsinogen to pepsin. Then the activated pepsin converts other proteolytic
enzymes (chymotrypsin and carboxylpeptidase A(B)) from their inactive zymogen forms to their
active enzyme forms. These activated enzymes break down the proteins to free AA, peptides,
dipeptides and oligopeptides (Erickson and Kim, 1990). The absorption of AA in the small
intestine has been reviewed by Broer (2008, Table 1-2). Absorption of AA is based on their
chemical property, such as charge and the nature of their side chain.
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1.2.3. Minerals
Minerals are an important class of nutrients in animal production. They are involved in
many physiological processes and cellular functions in animals such as components of bone
structure, cell signaling, energy metabolism, enzymatic reactions as catalysts, as antimicrobial
agents and immune regulators (Crenshaw, 2001; van Heugten et al., 2003b; Højberg et al., 2005;
Heyer et al., 2015).

1.2.3.1. Phosphorus
Phosphorus is the second most abundant mineral in the animal body. According to NRC
(2012), the P requirement for weaning pigs is 7 g/kg diet. However, in practical animal feeding,
the P concentration is significantly included at levels above requirement. Therefore, a lot of
excess dietary P is excreted into water and soil from feces, leading to eutrophication of the water
system. Animal feed contains a large amount of plant sourced ingredients. The P content in
cereal grains is about 0.2-1.5% (NRC, 2012). Of this, about two thirds of the total P is in the
form of phytic acid (Punna and Roland, 1999; Viveros et al., 2002; NRC, 2012; Kumar et al.,
2012). Phytic acid is a major antinutrient in monogastric animals because of the low or complete
absence of phytase activity in the gastric intestinal tract. Phytic acid can bind to minerals and
form phytate which will reduce the digestibility of bound minerals such as calcium (Ca) and Zinc
(Zn), in addition to decreasing phytate phosphorus availability (Woyengo et al., 2009; Woyengo
and Nyachoti, 2013). Phytate also binds to proteins and inhibits activities of enzymes such as
trypsin and α-amylase, consequently reducing protein digestibility (Singh and Krikorian, 1982;
Deshpande and Cheryan, 1984). This effect leads to reduced growth performance of animals.
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Absorption of P mainly occurs in the small intestine through passive diffusion and sodium
dependent co-transporter IIb (NaPiIIb) (Hubber et al., 2006; Saddoris et al., 2010). It has been
reported that NaPiIIb gene expression is upregulated when there is restriction in dietary P intake
(Saddoris et al., 2010, Adedokun et al., 2012), and downregulated with low protein intake (Xue
et al., 2016).

1.2.3.2. Calcium
Calcium is the most abundant mineral in the animal body with 99% of it present in bones
(McDowell, 2003). According to NRC (2012), the Ca requirement for nursery pigs is 8.5 g/kg.
Ca has various functions in the body, including bone formation, muscle contraction, nerve
impulse transmission, blood clotting, hormone secretion and intracellular cell signaling
(Sherwood et al., 2013; Buchowski, 2015). The sources of dietary Ca in animals are mostly
plant-based ingredients such as corn (0.2%), soybean meal (3.3%) and DDGS (1.2%) (GonzálezVega and Stein, 2014), and from inorganic Ca sources (limestone, monocalcium phosphate). The
small intestine is the main site where Ca is absorbed (Partridge, 1978; Pansu et al., 1983; Liu et
al., 2000) with minor absorption occurring in the large intestine (Liu et al., 2000). The absorption
of Ca is through passive diffusion and active transport (Bronner and Pansu, 1999; GonzálezVega and Stein, 2014). 1,25-dihydroxy vitamin D is required for active transport of Ca (Song et
al., 2003). At low dietary concentration of Ca, the gene expression of transient receptor potential
vanilloid subfamily member 6 (TRPV6) which is a highly selective Ca2+ channel and vitamin D
receptor will increase in the small intestine (Lieben et al., 2010).
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1.2.3.3. Other minerals
Apart from Ca and P, other minerals play critical roles in animal growth performance and
gut health. Sodium, potassium and chloride are involved in the regulation of osmotic pressure
and they regulate acid-base equilibrium and nutrient transportation across cell membrane
(McDowell, 2003). Studies have shown that pigs have poor appetite and growth performance
when deficient in salt (Mahan et al., 1999; Chittavong et al., 2013). The beneficial effects of
sodium on growth performance may also be due to its effect in enhancing immunity. It is
reported that sodium butyrate increased IgG concentration and increases substrate oxidation both
in vitro and in vivo (Lu et al., 2012; Fang et al., 2014). Dietary supplementation of potassium
formate in nursery pigs has also been shown to increase growth performance of nursery pigs
(Htoo and Molares, 2012). Zinc is important in enzyme function and activation of immune cells
(Fraker et al., 2000; Chasapis et al., 2012). In weanling pigs, zinc has been shown to increase
growth performance by enhancing immunity and modifying the GIT microbiome to reduce the
incidence of diarrhea (Højberg et al., 2005; Molist et al., 2011; Shelton et al., 2011). Copper is
another mineral that is added to weanling pig diets as a growth promoter because it has been
found to increase growth performance (Hill et al., 2000; Shelton et al., 2011).

1.2.4. Other nutrients
Vitamins are involved in the metabolism of many nutrients where they act as precursor
compounds or coenzymes. Studies have shown that vitamin C and E supplementation in
weanling pigs increase immunity (Peplowski et al., 1980; Lauridsen and Jensen, 2005), and
vitamin B increased growth performance of nursery pigs (Stahly et al. 2007). However, the level

8

of vitamin B that has maximal beneficial effects on growth performance is controversial. A
recent study by Cho et al. (2017) showed an increased ADG and ADFI with vitamin levels above
the requirements. However, Mahan et al. (2007) showed there was no further improvement of
growth performance with vitamins supplemented above requirement.
Water is a nutrient that can be easily ignored. Water is the major compound in the animal
body and it is important in nutrient metabolism. The prediction of water requirement of weanling
pigs is given by this equation:
Water intake (L/day) =0.149+(3.053 × Daily dry feed intake in kg) (Brooks et al., 1984.)
The measured daily water intake is about 0.49, 0.89 and 1.46 L per pig for the first three
weeks post weaning, respectively (Gill et al., 1986). Horn et al. (2014) reported that deprivation
of water on the first day of weaning significantly reduced the growth performance of pigs and
impaired the intestinal characteristics.

1.3. Exogenous enzymes
Exogenous enzymes have been widely used in animal production to improve growth
performance and nutrient digestibility of animals since the 1920s (Ravindran, 2013). Many
research studies have been done on the use of exogenous enzymes such as carbohydrases,
phytases, proteases and lipases in animal production. The feed enzyme market has grown rapidly
in the past 5 years, and this saves about $3 to 5 billion per year from the cost of animal
production in the global feed market (Adeola and Cowieson, 2011). However, the response of
animal performance to enzyme supplementation is inconsistent. Therefore, a major challenge
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facing the industry is to get consistent results from enzymes when used in animal diets. To solve
this problem, research should focus on the 3 main components of enzyme response: the enzyme,
the substrate and the animals.

1.3.1. Effects of xylanase on growth performance and nutrient digestibility of pigs
The plant cell wall is mainly composed of cellulose, hemicellulose and lignin
(Chundawat et al., 2011). Xylan is a primary hemicellulose that is present in the plant cell walls.
It is a common NSP in which xylose units are connected by β-1,4-glycosidic bonds. Xylan
cannot be digested by monogastric animals like pigs, therefore it is fermented in the large
intestine. Xylanase is produced by many bacteria and fungi species such as
Bacillus, Cellulomonas, Micrococcus, Staphylococcus, Paenibacillus, Arthrobacter, Aspergillus
sp., Thermomyces lanuginosus, Humicola insolens, Penicillium funiculosum and Trichoderma
reesei (Chakdar et al., 2016; Shankar et al., 2016). The optimum pH for xylanase activity varies
from 4.5-9.2 for different sources of xylanase. The optimum temperature for xylanase activity
varies from 25-105 ˚C (Shankar et al., 2016). Xylanase can hydrolyze the β-1,4-glycosidic bonds
in xylans to release cell contents which are trapped in the cell walls and makes these nutrients
available for animals. Therefore, it has been reported that inclusion of xylanase could increase
the growth performance of pigs (Barrera et al., 2004; Vahjen et al., 2007; He et al., 2010). A
possible mechanism of xylanase effects on growth performance of pigs include decrease in the
viscosity of digesta. Decreasing digesta viscosity could increase the contact time of digestive
enzymes with feed as well as increase the reaction surface, therefore, increasing nutrient
digestibility (Palander et al. 2005). Products that are produced by xylanase hydrolysis (xylose)
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can be metabolized by gut microbes to increase VFA production (Hübener et al., 2002). Studies
have shown that xylanase supplementation could promote the growth of beneficial bacteria such
as lactobacilli and bifidobacteria (Vahjen et al., 1998; He et al., 2010). However, xylanase effects
on growth performance and nutrient digestibility is inconsistent. Others found no effects of
xylanase on growth performance of pigs (Mavromichalis et al., 2000; Olukosi et al., 2007;
Woyengo et al., 2008). Possible reasons could be the different ages of animals used, different
ingredients used and different sources of xylanase. In a study done by Barrera et al. (2004),
xylanase improved the BW of growing pigs fed wheat-based diets which contains 97% wheat,
while no effects were observed in weanling pigs fed wheat-soybean meal based (85% wheat)
diets (Mavromichalis et al., 2000). These studies also indicate that pigs with a more mature
gastrointestinal tract (GIT) may respond to enzyme supplementation better than those with a less
mature GIT. Older pigs have a more stable and balanced gut microbiome than weanling pigs
(Frese et al., 2015). Therefore, older pigs are able to utilize xylose better during fermentation and
produce more VFA. Xylanase supplementation increased ADG in weanling pigs fed with corn
(53%), wheat (15%) and wheat bran (5%) (He et al., 2010) or wheat (72%) and wheat bran
(11%) (Vahjen et al., 2007) but there were no effects in diets based on corn (20%), soybean meal
(29%) wheat (25%) and rye (20%) based diet (Olukosi et al., 2007). Wheat bran contains
approximately 16% of arabinoxylans (Kabel et al., 2002), whereas rye contains only 8.7-11.5%
arabinoxylans (Izydorczyk, 2009). The differences in the content of substrates for xylanase may
determine the differences in response of pigs to its supplementation. Besides, Courtin and
Delcour (2001) reported that the effect of xylanases on dietary fiber hydrolysis is different with
xylanase from different microbial origins and different xylanases have different effects on
growth performance and nutrient digestibility in pigs (Ndou et al., 2015).
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1.3.2. Phytase effects on growth performance and nutrient digestibility of pigs
Phosphorus stored in the plant seeds is primarily as phytic acid (IP6) or phytate which is
the salt form of phytic acid. Monogastric animals have low endogenous phytase activity in the
gastric intestinal tract. Phytases are enzymes that can catalyze the hydrolysis of phytic acid and
release free inorganic phosphorus. There are two types of phytases: 6-phytases and 3-phytases.
6-phytases can catalyze the initial hydrolysis of the phosphate group of phytic acid at the C6
position, while 3-phytases catalyze the initial hydrolysis of phosphate group at C3. 3-phytases
generate intermediate inositol-(1,2,4,5,6) phosphate (IP5). Then the phosphate group at position 1
will be removed to generate inositol-(2,4,5,6) phosphate (IP4). IP4 is hydrolyzed to inositol
triphosphate (IP3), inositol diphosphate (IP2) and inositol monophosphate (IP1). Complete
hydrolysis will release inositol and 6 inorganic phosphates. There are four types of phytases
based on source. This includes intrinsic plant phytase, mucosal phytase, gut microbial phytase
and exogenous phytase (Humer et al., 2014). Phytase present in cereals is mainly located in the
aleurone layers and scutellum (Oatway et al., 2001). Therefore, it is expected that byproducts
such as wheat or rye bran or distiller's dried grains with solubles (DDGS) will have high plant
phytase activity (Steiner et al., 2007). Phytase activity in plants vary depending on the type of
plant (Humer et al., 2014). Mucosal phytase activity is very low and the hydrolysis of phytate by
mucosal phytase is negligible (Schlemmer, et al., 2001). There is also significant hind gut
fermentation of phytate by gut microbiome phytase (Seynaeve et al., 2000). Exogenous phytase
can be obtained from bacteria, fungi and yeast (Harland and Morris, 1995). The first exogenous
phytase was isolated from Aspergillus niger (Nelson et al, 1968). Commercial phytases have
been obtained from fungal and bacterial sources, especially Escherichia. coli. The new
generation of phytases are more effective than the older generation. Efficacy of phytases on
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growth performance and nutrient digestibility is based on the feed ingredient composition, age of
animals, source of phytase and phytase dose (Adeola and Cowieson, 2011). Several studies have
reported that exogenous phytase supplementation to pigs improved growth performance and
mineral digestibility (Adeola et al., 1995; 2004; Woyengo et al., 2016). Apart from the beneficial
effects on mineral digestibility, phytase also improves energy and AA digestibility by reducing
endogenous AA loss (Cowieson et al., 2009; Onyango et al., 2009).
A recent development is the use of higher than recommended (super dosed) levels of
phytase to obtain additional growth benefits (extraphosphoric effects). In most phytase studies,
the phytase was included at 500 or 1500 FTU/kg diet, 1FTU being defined as the amount of
phytase that liberates 1 mmol of inorganic phosphate per minute from 0.0051 mol/L sodium
phytate at pH 5.5 and at a temperature of 37 ∘C (AOAC, 2000). Super dosing of phytase is
defined as phytase added at >2500 FTU/kg diet. It has been reported in literature that 500
FTU/kg phytase is equal to additional 0.3-1.7 g/kg inorganic P in the diet (Augspurger et al.,
2003). It has been shown that 2000 FTU/kg phytase could increase growth performance of pigs
in a P-deficient diet compared to a P-adequate diet (Santos et al., 2014). Zeng et al. (2016)
reported that phytase up to 20,000 FTU/kg could increase digestibility of crude protein and AA.
However, the mechanism of the extra phosphoric effect of super dose phytase is still unclear.
Possible mechanisms could be related to release of P and other minerals from phytate. Complete
breakdown of phytate by super dosing releases myo-inositol which is suggested to have insulinlike effects. In a recent study done by Cowieson et al. (2017), it was found that 1000 or 3000
FTU phytase supplementation continually increased plasma myo-inositol concentration until 6
hours after feeding, whereas oral supplementation of pure myo-inositol led to a rapid increase in
serum myo-inositol within an hour of feeding. myo-inositol may have insulin mimetic effect on
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stimulation of glucose uptake into tissues. Insulin stimulates glucose uptake by increasing the
translocation of intracellular glucose transporter type 4 (GLUT4) vesicles into the plasma
membrane of myocytes (Kahh, 1996), and it is reported that glucose transport is rate limiting for
muscle glycogen synthesis (Richter and Hargreaves, 2013). However, it is still unclear whether
myo-inositol regulates the same pathways as insulin in regard to stimulation of glucose uptake.

1.3.3. Conclusion
Several studies have been conducted to investigate the effects of exogenous enzymes on
growth performance and nutrient digestibility in pigs. However, results of these experiments are
sometimes inconsistent. This inconsistency often results from differences in enzyme source,
dietary inclusion level, type of feed ingredient, age of animals and interaction of enzymes with
the microbiome. Additional research is needed on the timing and dosing of enzymes for a
consistent and predictable effect on performance of pigs.

1.4. Antibiotics, prebiotics and probiotics
Antibiotics were used for decades for growth promotion in poultry and swine production.
However, the use of antibiotics is generating concerns due to the possibility of development of
antibiotic resistant bacteria which have detrimental effects on public health. Therefore, the use of
antibiotics in animal feed was banned in EU in 2006 (European Commission, 2005). In January
2017, the US implemented the veterinary feed directive (VFD) which limited the use of feedgrade antibiotics to therapeutic uses requiring the recommendation of a veterinarian (U.S. FDA,
2018). Therefore, antibiotic alternatives are now being developed for the animal industry. A
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prebiotic is a non-digestible feed ingredient which can selectively stimulate the growth of one or
a certain number of health-promoting bacteria in the intestinal tract of the host by improving the
bacterial balance in the gut in favor of beneficial bacteria (Gibson and Roberfroid, 1995;
Schrezenmeir and de Vrese, 2011). A probiotic is defined as a live microorganism that can
colonize the gastrointestinal tract and confer beneficial effects to the host (Fuller, 1989).

1.4.1. Effects of prebiotics and probiotics on growth and nutrient digestibility

1.4.1.1. Prebiotics
The most commonly used prebiotics are inulin, fructo-oligosaccharide (FOS), mannan
oligosaccharides (MOS) and galacto-oligosaccharide (GOS) (Roberfroid et al., 2010). Several
studies have looked at the effects of prebiotics on growth performance of pigs (Xu et al., 2002;
2005; Liu et al., 2008; Nochta et al., 2010). Supplementation with prebiotics has been reported to
increase the growth performance of pigs (Xu et al., 2002; Liu et al., 2008; Cho and Kim, 2013).
Possible mechanisms of positive effects of prebiotics on growth performance may relate to the
increased nutrient digestibility, increased GIT morphology and improvement in the health status
of pigs. Supplementation of 2 g/kg MOS in the diet of weanling pigs increased the digestibility
of crude protein, Ca and P (Nochta et al., 2010) and 200 mg/kg chito-oligosaccharides increased
apparent total tract digestibly of DM, GE, crude fat, Ca and P (Liu et al., 2008). Cho and Kim
(2013) reported an increased ATTD of GE and N in weaning pigs fed with 0.1% lactulose. The
increased digestibility of nutrients may be a result of increased villus height and digestive
enzyme activity in prebiotic supplemented pigs. Xu et al., (2002) reported an increased villus
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height in the jejunum and increased activity of protease, trypsin and amylase in pigs that received
4 or 6 g/kg FOS. Addition of MOS increased villus height in pigs, potentially increasing the
surface area available for nutrient absorption (Liu et al., 2008). An enhanced growth of
Bifidobacterium and Lactobacillus, as well as inhibition of Clostridium and Escherichia coli in
the small intestine were observed in pigs fed with FOS (Xu et al.,2002) and a decrease in
diarrhea incidence (Liu et al., 2008). Supplementation with MOS was also reported to increase
the gene expression and serum level of proinflammatory cytokines (IL1, IL2 and IL6) in weaned
pigs (Yin et al., 2008). This suggests an increase in immune status of pigs supplemented with
MOS. However, there has been inconsistent effects of prebiotics on growth performance. Studies
such as those by Nochta et al. (2010) and Li et al. (2016) reported that MOS had no effects on
growth performance of pigs. Nochta et al. (2010) reported that up to 4 g/kg MOS had no effects
on growth performance of weaned pigs. The different response of prebiotics on growth
performance of pigs may be due to the different sources of prebiotics. Prebiotics can be obtained
from chemical hydrolysis or chemical synthesis (Broek et al., 2008). The different properties of
prebiotics obtained from different sources may contribute to the differences in response when
they are fed to animals. Additional studies are needed to clarify the mechanism of action of
prebiotics on animal performance and health.

1.4.1.2. Probiotics
Probiotics used are usually isolated from the intended users’ gut microbiome (Azizpour et
al., 2009; Cho et al., 2011). There are a variety of microorganisms that are currently used in
animal production as probiotics. The most commonly used probiotics are lactic acid bacteria
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(Lactobacillus, Bifidobacterium, Lactococcus, Lactosphaera, Leuconostoc, Melissococcus,
Oenococcus, Pediococcus, Streptococcus, and Enterococcus) (Yang et al., 2015). It is generally
accepted that ingesting more than one species of probiotics is more beneficial to the host than
one species. Effects of probiotics on growth performance of pigs have been studied over the
years. Early studies suggested that probiotics improved growth performance of weanlings, but
not growing and finishing pigs (Pollmann et al., 1980) due to the complex diets fed to older pigs
which may mask the effects of the probiotics. Work done by Huang et al. (2004) reported an
increased ADG and ADFI during the second week postweaning with Lactobacillus
supplementation to weanling pigs, but no effects were found in the third week. However, other
recent studies reported that probiotic supplementation significantly increased ADG and feed
efficiency in weanling, growing and finishing pigs (Meng et al., 2010; Lv et al., 2015; Bajagai et
al., 2016). The mechanism of positive probiotic effects on growth performance may be due to
factors such as increased nutrient digestibility, reduction of diarrhea, improvement in
digestibility of dry matter, gross energy, crude protein and crude fiber, which have been reported
in pigs supplemented with probiotics (Huang et al., 2004; Giang et al., 2010; Meng et al., 2010).
Possible mechanisms of probiotic effects on nutrient digestibility could include increases in
digestive enzyme production and increase in nutrient absorption. Kim et al. (2007) reported
increased activity of amylase, lipase, phytase and protease in pigs fed with Lactobacillus sp. than
control pigs. In addition, probiotics have been reported to increase jejunum villus height in pigs
(Cai et al., 2015), potentially increasing nutrient absorption. Studies have also reported that
probiotic supplementation to weanling pigs significantly reduced diarrhea incidence (Simon,
2005; Giang et al., 2012). Factors that may cause post weaning diarrhea in pigs include stress,
poor hygiene, an immature GIT and impaired immunity. Enterotoxigenic E. coli K88 is one of
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the strains that have been associated with incidence of postweaning diarrhea, and a study by
Bhandari et al. (2010) found that probiotic supplementation significantly reduced diarrhea in pigs
challenged with ETEC K88.

1.4.2. Effects of live yeast on growth performance and nutrient digestibility
Live yeast is a living organism, so it is a probiotic when fed to animals. However, it is
generally accepted that the active part of live yeast is the β-glucan of the yeast cell wall. The
yeast cell wall consists of three layers: inner layer (30-35% insoluble β-glucan), middle layer
(20-22% soluble β-glucan) and external layer (30% glycoprotein) (Tokunaka et al., 2002). βglucan is a non-digestible polysaccharide; therefore, it acts as a prebiotic. Taken together, live
yeast could be considered as symbiotic, which is a combination of probiotic and prebiotic
properties. Studies have shown that live yeast or yeast culture supplementation to weanling pigs
increased growth performance (Mathew et al., 1998; van Heugten et al., 2003a; van der PeetSchwering et al., 2007; Shen et al., 2009). Jiang et al. (2015) reported that live yeast significantly
increased the villus height and villus to crypt ratio in pigs and this may contribute to the
improvement of growth performance. However, the exact mechanism of positive effects of live
yeast on growth performance is still unclear. Possible reasons could be by increasing nutrient
digestibility, enzyme secretion and improvement of the bacteria balance in supplemented animals
(Shen et al., 2009; Chaucheyras-Durand and Durand, 2010). Studies have also shown that live
yeast supplementation increased apparent total tract digestibility of DM, GE and crude protein in
pigs (Shen et al., 2009; Liu et al., 2018). The beneficial effect of live yeast also includes immune
modulation (Kogan and Kocher, 2007). It has been reported that β-glucan stimulates macrophage
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and neutrophil differentiation to enhance innate immunity (Kogan and Kocher, 2007). In
addition, live yeast was reported to increase IgA and cytokine production in pigs (Jiang et al.,
2015). Live yeast supplementation reduced diarrhea incidence and E. coli shedding in pigs
challenged with ETEC K88 (Trckova et al., 2014). However, the effect of live yeast on growth
performance of weanling pigs is inconsistent because other scientists have reported no effects of
live yeast on growth performance and nutrient digestibility in pigs (Jurgens 1995; Kornegay et
al., 1995).
Other reported effects of live yeast are its effects on litter size and piglet mortality.
Mariella et al. (2009) reported that live yeast supplementation in the gestation diet increased the
number of live piglets born and reduced preweaning mortality. Positive effects of yeast culture
were reported by Kim et al. (2008) on litter weight gain and piglet weight gain from birth to
weaning. It was also reported that live yeast could increase total milk solids and crude protein
concentrations (Jurgens et al., 1995). However, others also reported that live yeast had no effects
on litter size, number born alive, litter weight at birth and at weaning, and milk composition
(Lindemann et al., 2010; Jang et al., 2013).

1.4.3. Conclusion
Effects of prebiotics, probiotics and LY on growth performance and nutrient digestibility
were reviewed in this section. There is still a gap in literature regarding the possible mechanism
of probiotic and prebiotic action. Research addressing these mechanisms could help to remove
the inconsistencies in their effects when used in livestock feed. Research is needed to determine
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effects of prebiotic, probiotic and LY during the gestation, lactation and nursery phases on
subsequent growth performance and nutrient digestibility of pigs.

1.5. Gut microbial composition and immune system development
Microbial residence in the GIT of mammalian animals is critical for host health.
Microbes colonize the GIT immediately after birth, with microbes being acquired from maternal
and surrounding environment (Mueller, et al., 2014; Paul et al., 2016). Gut microbiota will
remain stable for a long time only if a monotonous diet is consumed (Faith et al., 2013; Martinez
et al., 2013). Studies have shown that gut microbial diversity is significantly influenced by diet,

age and other stressors (Kim et al., 2011; Dinan and Cryan, 2012; Frese et al., 2015). Changes in
gut microbial diversity is thought to have a significant effect on host health and growth
performance. Exposure to milk is the first factor that leads to alteration of the gut microbiome
because it leads to selection for microbiota that are favorable to milk breakdown (Marcobal et
al., 2010). Nevertheless, the relationship of diet and the composition of the gut microbiome is
poorly understood.
Gut microbiota plays a key role in health, especially in immune system development. The
innate immune system develops by recognizing the general microbe-associated molecular
patterns that are present on the cell wall of bacteria. These patterns include lipopolysaccharides
and peptidoglycans. Commensal bacteria can reduce inflammatory response and increase
immunological tolerance through toll-like receptors (O’Hara and Shanahan, 2006; Round et al.,
2011). The adaptive immune system can also be promoted by commensal bacterial. Studies have
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shown that commensal bacterial can increase T cell differentiation (Lee and Mazmanian, 2010;
Lathrop et al., 2011).

1.5.1. Development of the pig gut microbiome
The microbial population in the GIT of pigs is about 1011-1014 per gram of feces (Xu et
al., 2004) with Firmicutes and Bacteroidetes being the two main phyla (Lee and Mazmanian,
2010; Kim et al., 2011). The relative abundance of each bacteria phylum changes with increasing
age (Kim et al., 2011). Weaning is another important process that affects the gut microbiome in
pigs. A study by Pajarillo et al. (2014) found that the mean relative abundance of bacteria at the
phylum and class levels were different between the pre- and post-weaning periods using 16S
rRNA gene sequencing (Pajarillo et al., 2014). Changes in diets at weaning could account for the
effect of weaning. Before weaning, the main energy source is from milk. Therefore, milk glycan
is the driving force for shaping the gut microbiome, with an increase in milk-oriented
microbiome. On the other hand, plant glycan has a prominent effect for enriching microbes that
are favorable to plant glycan utilization post weaning (Frese et al., 2015). Pajarillo et al. (2014)
suggested that the microbiota is unstable and constantly changing in the first two weeks postweaning due to this change in diet type.
The immaturity of the pig gut at weaning is also a factor in determining the type of
microbial colonization. Pigs can be easily infected by pathogenic bacteria at weaning due to the
immature immune system at this period (Lalles et al., 2007). From weaning to market, the pig
gut becomes more mature and the gut microbiota is more resistant to dietary perturbations. As a
consequence, the gut microbiota becomes more stable (Kim et al., 2012b; Holman and Chénier,
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2014). Pig gut microbiota can utilize the residues that escape endogenous enzyme digestion and
epithelial cell absorption to produce short chain fatty acid (SCFA). The SCFA produced in the
hind gut can also be used by host epithelial cells. This process can supply about 5-20% of
maintenance energy of the host (Grieshop et al., 2000). Butyrate is the preferred energy for
intestinal cells. Butyrate can promote epithelial cell proliferation and differentiation.
The microbiota in the GIT protect the host through enhancing resistance to colonization
by pathogenic bacteria and enhancement of the immunity of the host. Colonization resistance is
associated with the resistance of commensal bacteria in the gut to colonization by nonindigenous
bacteria by competitive exclusion (Gaskins, 2000). Commensal bacteria compete with
nonindigenous bacteria for nutrients, mucosa attachment site and alteration of the local
environment. Volatile fatty acids, lactic acid and bile acids are the major products that are
produced by gut microbiota fermentation that can reduce the pH of the GIT and inhibit the
growth of nonindigenous bacteria. Commensal microbiota can also enhance innate immunity by
increasing antigen presenting cell (Haverson et al., 2007), neutrophil (Clarke et al., 2010) and
natural killer cell activity (Satoh-Takayama et al., 2008), and enhance the adaptive immunity by
activating T lymphocytes and B cells (Inman et al., 2010).

1.5.2. Factors affecting development and composition of the pig gut microbiome
Changes in the gut microbial composition is dynamic over the life of the pig. However,
factors such as disease, stress, hygiene, inflammation, antibiotics and diet can change gut
microbial composition at any given time (Maslowski and Mackay, 2011).

22

1.5.2.1. Effect of antibiotics on development and composition of the pig gut microbiome
Antibiotics have been used since the 1950s in the swine industry to promote growth
performance and prevent or treat diseases (Jukes et al., 1950; MacDonald and McBride, 2009).
The mechanism of action of antibiotics are: (1) inhibiting peptidoglycan synthesis. Peptidoglycan
is a major component of gram negative bacteria cell wall, therefore, inhibiting its synthesis
causes death of bacteria cells (Reynolds, 1989); (2) binding to the rRNA of bacteria, thus causing
irreversible inhibition of protein synthesis, resulting in bacterial cell death (Hong et al., 2014);
(3) changing salt gradients of the cell membrane, resulting in bacteria cell death (Kohanski et al.,
2010); (4) inhibiting bacteria DNA synthesis (Kohanski et al., 2010). However, wide and
prolonged use of antibiotics results in development of antibiotic resistant bacteria. Therefore,
using antibiotics has a dramatic effect in reshaping the gut microbial diversity in pigs. For
example, work by Kim et al. (2012b) reported, using 16S rRNA gene sequencing, that tylosin, an
antibiotic, significantly shifts pig gut microbial composition and abundance.

1.5.2.2. Effect of probiotics on development and composition of the pig gut microbiome and
immunity
The mechanisms of probiotic effects on gut microbiome may be due to the maintenance
of beneficial microbial populations by “competitive exclusion” and immune modulation by
probiotics. Pathogenic bacteria need to adhere to the GIT to grow and have detrimental effects on
the host (Bajagai et al., 2016). Competitive exclusion allows probiotic bacteria to compete with
pathogenic bacteria for substrates and attachment sites. Probiotics can promote the growth of
beneficial bacteria and therefore inhibit the attachment of harmful bacteria to the host GIT
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epithelia (Yang et al., 2015). Probiotic bacteria also produce antimicrobial metabolites that
inhibit the growth of pathogens (Wilson et al., 1988). Antimicrobial compounds such as lactic
acid and SCFA which are the products of microbiota fermentation can decrease the pH in the
GIT and inhibit the growth of pathogenic microbiota. Probiotic strains can increase mucin
expression (Mack et al., 1999) and induce IgA production by epithelial cells (Rautava et al.,
2006). Mucin is thought to enhance colonization by beneficial bacteria in the GIT and IgA can
kill pathogenic bacteria. Probiotic bacteria can also produce antimicrobial peptides such as
bacteriocins, antimicrobial peptides that can directly kill pathogens or act as modulators of
immune system signaling (Corr et al., 2007; Meijerink et al., 2010). The immune modulation
effect of probiotics is partly through increasing CD4+ T cell differentiation (Lavasani et al.,
2010), activation of natural killer cell (Dong et al., 2010) activity and increases in cytokine
production (Miettinen et al., 1998).
The intestinal barrier is the first point of contact of the host against harmful bacteria.
Probiotics enhance innate immunity by regulating the production of mucin and tight junction
proteins and production of proinflammatory cytokines (Ng et al., 2009; Liu et al., 2010; Wu et
al., 2016). Probiotics stimulate acquired immunity by increasing the production of antibody and
T cells. In a study done by Vinderola et al. (2005), probiotic supplementation increased the
secretion of IL6 and this promotes the differentiation of B cells to produce IgA and IgM. IgA is a
major antibody present in the GIT and is effective for pathogen clearance from the GIT
(Takahashi et al., 1998). Probiotic supplementation to weanling pigs has also been found to
increase the number of T cells (Schierack et al., 2007). Furthermore, probiotics eliminate the
pathogenicity of harmful bacteria by affecting gene expression in the pathogenic bacteria through
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cell to cell interaction (Bajagai et al., 2016). Probiotic fermentation products inhibit the virulence
gene in E. coli (Bajagai et al., 2016).

1.5.2.3. Effect of prebiotics on development and composition of the pig gut microbiome
Prebiotics provide the substrate that certain gut microbes use for fermentation. Therefore,
they selectively increase the number of specific bacteria. The selectively favored bacterial groups
can act as probiotics and inhibit the growth of pathogenic bacteria or activate the immune system
leading to beneficial effects on the host. In a study done by Haenen et al. (2013), feeding pigs
with resistant starch (a kind of prebiotic) was associated with a change in relative abundance of
Actinobacteria, Bacilli, Clostridium cluster IV and XIVa, Alphaproteobacteria,
Betaproteobacteria, and Spirochaetes. There was also a reduction in the relative abundance of
Streptococcus intermedius–like groups, Streptococcus salivarius–like groups, Streptococcus
suis–like groups, and Neisseria-like groups by resistant starch. In addition, feeding resistant
starch increased the relative abundance of the uncultured Clostridia cluster IV and Rhodobacterlike microorganisms in the caecum. Other effects of feeding resistant starch in the colon include
an increase in the population of Actinobacteria, Weissella-like groups, Clostridium cluster IV,
IX, XV, XVI, and XVII, Mollicutes, Fusobacteria, and Betaproteobacteria and a decrease in the
classes of Bacilli (i.e., Allofustis, Lactobacillus acidophilus–like group, Lactobacillus
plantarum–like groups), Clostridium cluster XI and XIVa, Deltaproteobacteria, and
Gammaproteobacteria. However, detailed explanation of prebiotic effects on the gut microbiome
and the function of the selectively regulated microbes on animal health and growth performance
are currently unknown.
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1.5.2.4. Effect of feed enzymes on development and composition of the pig gut microbiome
Feed enzymes produced by microbial fermentation are a group of feed additives which
can increase growth performance and nutrient digestibility. Researchers are also interested in
effect of feed enzymes on the gut microbiome because this can potentially explain part of the
beneficial effects of enzymes on the host. Two mechanisms by which feed enzymes can
influence the gut microbiota are: (1) reducing the abundance of undigested substrates which can
be fermented by microbes (2) production of oligosaccharides with potential prebiotic effects
(Kiarie et al., 2013). It has been reported that inclusion of xylanase reduced microbial counts
(Lactic acid bacteria, enterobacteria and gram-positive cocci) in the small intestine of chickens
fed a wheat/rye diet (Hübener et al., 2002). Studies have also shown that phytase
supplementation increased clostridium abundance in the ileum of pigs (Metzler-Zebeli et al.,
2010). Addition of alkaline phosphatase to a phosphorous-deficient diet resulted in reduced
Enterococci counts in the ileal digesta in pigs whereas it led to reduced abundance of coliforms,
aerobes and anaerobes in a phosphorus-adequate diet (Rostagno et al., 2012). Xylan cannot be
digested by endogenous enzymes produced in the pig. Exogenous xylanase can breakdown the β1,4- glycosidic bonds in xylan to release xylose. The xylose can be fermented by microbes in the
GIT. However, relatively little is still known about the underlining mechanism of how xylanase
modifies the gut microbiome. Future research maybe needed to investigate the relationship
between xylanase and gut microbiome in pigs.
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1.5.2.5. Effects of others feed additives on development and composition of pig gut microbiome
Gut microbiome is also affected by other dietary factors, such as content of fat, minerals
and plant extracts. A study done by Heinritz et al. (2016) to measure effect of fat content on gut
microbiota found that pigs fed with high fat diets had more copies of Enterobacteriaceae and
fewer copies of Bifidobacterium spp., Lactobacillus spp., C. leptum and F. prausnitzii compared
with pigs fed with low fat diets. However, effects of minerals on pig gut microbiome is unclear.
Namkung et al. (2006) reported a reduction of ileal microbiota diversity in pigs supplied with a
high level of Zn or Cu using denaturing gradient gel electrophoresis (DGGE). In contrast, no
effect was observed on microbial diversity of pigs supplied with the same concentration of Zn or
Cu (Pérez et al., 2011). However, a study by Pieper et al. (2012) reported an increased DGGE
band number with a higher level of Zn supplementation in pigs. The reason for the different
results of effects of minerals on bacterial count may be due to the differences in the genetic lines
of pigs used and the different environmental conditions of the experiments. Some plant extracts
are also known to have effects on the pig gut microbiome. Choy et al. (2014) reported an
increase of Clostridiales, Lactobacillus, and Ruminococcus abundance in pigs after grape seed
extract supplementation to pigs. However, there is very limited data on the effects of the
different plant extracts that have been used as supplements in swine diets on the gut microbiome,
and a lot of research effort is still needed in this area.

1.5.3. Gut microbiome analysis methods
The composition of the gut microbiome was determined by culture and phenotyping
analysis methods decades ago. The disadvantage of using culture methods is that not all the
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microbes are easily cultivable. In addition, these methods are time consuming with very low
efficacy. Nowadays, more advanced techniques are available for analysis of the gut microbiome.
16S rRNA gene sequencing is one of the methods that is widely used (Lee and Mazmanian,
2010; Pajarillo et al., 2014; Frese et al., 2015). With the reduced cost of high throughput
sequencing methods, researchers can now conduct analysis of microbial composition at a
relatively lower cost than before.

1.5.3.1. Culture method for bacteria analysis
The basic concept of cultivation-dependent methods is through growing the bacteria in a
specific growth media. Theoretically, all bacteria can be cultured in the lab if all conditions
required for growth such as nutrient need, pH and incubation temperature are known. It is even
more difficult for culturing samples from the environment (e.g. soil, feces and water) due to
difficulty of mimicking the environmental condition that the bacteria need to grow in the
laboratory. In addition, if there are dead bacteria cells in the culture, these affect the growth of
the remaining cells (Puspita et al., 2012), and cause culture-related bias about the bacterial
community diversity. Cultivation efficiency is calculated based on the percentage of culturable
cells to direct count under microscope. It is reported that the cultivation efficiency is about 2.419% in soil, 0.003-2.5% in sea water, 0.007-0.02% in desert samples and 14.28-58% in human
feces (Puspita et al., 2012). To solve the culture media problem of environmental samples, the
best way is to use the same environmental conditions from where the samples were obtained. A
high-throughput culture method was developed by Zengler et al. (2005) where they separated
cells and nutrient extract. After purification of the cells, they are encapsulated into a
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microcapsule individually. Then the cells are cultured in a flow of nutrients. Then the isolates
can be determined by Fourier-transform infrared spectroscopy (Naumann et al., 1991). Over
10,000 bacterial and fungal isolates per environmental sample can be determined by highthroughput cultivation method (Zengler et al., 2005). However, just as the traditional culture
method, it cannot be used to identify the unculturable cells, creating a bias on the microbial
community diversity.

1.5.3.2. Analysis and sequencing of bacterial DNA
To overcome the problems associated with culture methods for analysis of bacterial
populations, molecular based methods based of DNA analysis were developed. The molecular
based methods can be divided into two categories: direct analysis of nucleic acids and indirect
PCR-based analysis. The direct methods analysis of nucleic acid includes DNA reassociation,
gradient separation of molecules (GC content and stable isotope probing), hybridization (slot/dot
hybridization, fluorescent in situ hybridization and microarray), and metagenomic sequencing.
The indirect PCR-based methods used include denaturing gradient gel electrophoresis (DGGE or
TGGE), terminal restriction fragment length polymorphism (T-RFLP), single strand
conformational polymorphism (SSCP), ribosomal intergenic spacer analysis (RISA) and
sequencing of 16S rRNA. The DNA reassociation method was used in soil to determine
microbial richness (Torsvik et al. 1990). The concept behind this method is that the rate of DNA
reassociation is based on the number of different bacterial genomes present. Therefore, this
method can only determine the richness of a bacterial community present but not its evenness.
Another disadvantage of DNA reassociation is that the species of bacterium cannot be identified.
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The basic concept of GC content method is the use of the GC content to separate microbial DNA
by the amount of GC in the sample. Bisbenzimidazole is commonly used as a dye to bind to A+T
in the DNA. Then the DNA is separated based on their buoyancy due to different GC contents.
The fraction can then be quantified by spectrophotometry and against the total GC content in the
DNA to estimate the relative abundance of each bacterium (Holben and Harris, 1995). The
limitation of this method is low resolution and cannot separate communities composed of a
continuum of GC content.
Stable isotope probing is another direct method that uses gradient separation. The
principle is based on incorporation of a radioisotope into the microbial community during
microbial DNA replication. The DNA fraction can be separated due to the different buoyancy of
isotope labeled and unlabeled DNA. The DNA fractions can be isolated and used for sequencing
to determine microbial community diversity (Dumont and Murrell, 2005). The advantage of this
method is that it can be used to study the function of microbes (Boschker et al., 1998). The
isotope is incorporated into the microorganism as cellular components (e.g., nucleic acids,
proteins or lipids). These compounds can then be used to identify the active community members
(Wegener et al., 2016). However, the method is difficult to perform, and it requires specialized
equipment. In addition, it can cause cross-feeding effects in which the isotope can be consumed
by non-target bacteria (Radajewski et al., 2003). Dot blot is a quick technique to analyze
microbial community diversity which uses rRNA as target. In this procedure, all the nucleic
acids are extracted and applied to a membrane which has been previously incubated with target
probes. The signal density can be used for quantitative measure of each microbe (Buckley et al.,
1998). The disadvantage of this method is that the signal density variation is high and will
provide coarse results.
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Fluorescent in situ hybridization (FISH) is another method to analyze microbial
community. Like dot blot hybridization, FISH is also done using rRNA as the target. mRNA can
also be used to determine the function of individual bacteria cells (Pernthaler and Amann, 2004).
The difference between dot-blot and FISH is that FISH needs fluorescently labelled probes and it
needs a cell flow cytometer to determine the bacterial richness (Kalyuzhnaya et al., 2006).
Microarray is a DNA-DNA hybridization method used for microbial analysis. It can be used to
determine the microbial diversity (Miezeiewsk et al., 2015) and the function of microbes (Wu et
al., 2008). The disadvantage of this method is the limited knowledge of gene sequences of target
groups and it can only detect the most abundance species.
Metagenomics is direct sequencing of DNA extracted from an environmental sample.
This technique has been used to study microbial diversity in acid mines (Tyson et al., 2004),
Sargasso Sea (Venter et al., 2004) and human feces (Lee et al., 2017). To perform this, DNA is
extracted and digested. Next, the DNA is cloned for sequencing or directly sequenced with next
generation sequencing technology. Finally, the DNA sequences are assembled and compared to
the genomic database. However, the limitation of this method is that there is no representative
genome for many bacterial taxa and the generated data requires a lot of storage space. To learn
the function of bacteria, metatranscriptomics can be applied. This method has been successfully
used to learn the role of Desulfovibrio piger in humans using RNAseq (Rey et al., 2013). Apart
from metagenomics, mRNA is used instead of DNA. Total RNA is extracted and rRNA is
removed to enrich mRNA, then reverse transcribed to cDNA. The cDNA is subjected to next
generation sequencing methods.
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The indirect methods of conducting microbial community analysis are PCR based.
Therefore, all the methods have limitation due to bias during DNA extraction, purification and
primer bias in PCR. In addition, the different rRNA copy numbers in each species will cause bias
for determining the evenness of gut microbial population. PCR-DGGE was first applied to
profile microbial population by Muyzer et al. (1993). They found DGGE was successfully used
to distinguish the test bacterium from other bacteria while polyacrylamide gel analysis could not
be used. The procedure for PCR-DGGE analysis is to extract total DNA, and then amplify the
V3 region of 16S rRNA gene. One PCR primer needs a GC clamp to avoid complete
denaturation of the DNA. Then the PCR products can be run on the gel. PCR-DGGE has been
successfully used in soil (Smalla et al., 2001), human (Favier et al., 2002) and pig fecal samples
(Yan et al., 2013). The advantage of this method is that it can be used to compare large numbers
of samples rapidly. However, the limitation of this method is only bacteria with a relative
abundance of about 1% can be detected and it cannot separate samples with similar mobility
(Sekiguchi et al., 2001).
The principle of SSCP is similar to that of PCR-DGGE. The main difference is that the
double stranded DNA samples need to be denatured to single strands before resolution on a gel
and it only needs a neutral polyacrylamide gel. The disadvantage of this method is that it requires
the operator to have good techniques and secondary structure formation may affect the results
(Nocker et al., 2007). T-RFLP is a method used to amplify the whole 16S rRNA with
fluorescently labeled primers. The PCR products are then digested by restriction enzymes to
produce PCR fragments. These fragments can be run on a polyacrylamide gel (Liu et al., 1997).
This method is rapid and has a high resolution. It can be used to separate products with one base
pair difference, and it can be used to quantify the relative number of PCR products represented
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by each band in that sample. The limitation of this method is it cannot be used for determining
richness of microbial populations.
Sequencing the 16S rRNA gene is an indirect method to analyze microbial community
structure and composition. The methods used for sequencing include low throughput sequencing
(Maxim & Gilbert and Sanger) and high throughput (next generation and third generation
sequencing). The first low throughput sequencing method was developed by Maxam and Gilbert
in 1977 (Maxam and Gilbert, 1977). The most commonly used high throughput sequencing
methods are next generation sequencing methods and third generation sequencing. These
including Roche/454 Roche FLX; SOLiD; Solexa-Illumina; Helicos; Pacific bioscience SMRT
(PacBio); Ion Torrent and Nanopore. In summary, direct or indirect methods are available to
determine the gut microbial community diversity. However, every method has its own pros and
cons. One should be very careful in choosing a method of analysis and this should be based on
many factors including the objectives of the study, availability of equipment, the costs and the
skills of operators.

1.5.4. Conclusion
In this section, the pig gut microbiome and factors that affect gut microbiome
composition as well as the methodologies for accessing the gut microbiome were reviewed. Gut
microbiome is influenced by many factors including sex, age, diet and environment. Experiments
are needed to determine the importance of these factors in determining the composition of the
pig microbiome.
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1.6. Summary and rationale for the study
The review of literature presented covers nutrient requirements for weanling pigs, effects
of feed additives (xylanase, phytase, prebiotic and probiotics) on growth performance and
nutrient digestibility in pigs, and factors affecting efficacy of feed additives. In addition,
literature on the pig gut microbiome was reviewed, including the methodologies for assessment
of gut microbial community structure.
From the reviewed literature, it is apparent that very little information is known about the
timing and optimal dosing of exogenous enzymes and live yeast on short and long term growth
performance of weanling pigs. Therefore, due to these gaps, the studies described in this
dissertation were conducted with the following objectives:
1. To determine the effects of supplementation of xylanase, live yeast individually or in

combination on short-term and long-term growth performance, nutrient digestibility and gut
microbial diversity of weanling pigs.
2.

To determine effects of live yeast supplementation (Saccharomyces cerevisiae spp.) to sows
during gestation and lactation on growth performance and nutrient digestibility of offspring.

3. To determine the effects of super dosing phytase on growth performance, mineral and

phytate digestibility, plasma metabolites and muscle plasma membrane of GLUT4
concentration.
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Figure 1-1. Carbohydrates in feed and their potential metabolites
Adapted from NRC, 2012
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Table 1-1: Essential, nonessential and conditionally essential amino acids
Essential
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine
Adapted from NRC, 2012.

Nonessential
Alanine
Asparagine
Aspartate
Glutamate
Glycine
Serine

Conditionally Essential
Arginine
Cysteine
Glutamine
Proline
Tyrosine
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Table 1-2: Amino acid transport system in intestine
System
ASC
B0
B0,+
b0,+
IMINO
L
X-AG
y+L

cDNA
ASCT2
B0AT1
ATB0,+
rBAT/b0,+AT
IMINO
4F2hc/LAT2
EAAT3
4F2hc/y+LAT1

SLC
SLC1A5
SLC6A19
SLC6A14
SLC3A1/SLC7A9
SLC6A20
SLC3A2/SLC7A8
SLC1A1
SLC3A2/SLC7A7

Mechanism
Antiport
Symport
Symport
Antiport
Symport
Antiport
Symport
Antiport

Ions
Na+
Na+
Na+, ClNa+, ClNa+, H+, K+
Na+

AA substrate
Ala, Ser, Cys, Thr, Gln
Neutral AA
Catatonic, Neutral AA
Arg, Lys, Cys
Pro
Neutral AA
Asp, Glu
Lys, Arg, Gln, Met, Leu

Adapted from Broer, 2008.
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CHAPTER 2. EFFECT OF TIMING OF POSTWEANING XYLANASE
SUPPLEMENTATION ON GROWTH PERFORMANCE, NUTRIENT
DIGESTIBILITY AND FECAL MICROBIAL COMPOSITION IN
WEANLING PIGS

2.1. Abstract
Nutrition during the time of weaning is critical for the pigs’ growth performance. The
current study was conducted to investigate the timing of xylanase supplementation to weanling
pigs fed corn-soybean meal-based diets and its effect on growth performance, nutrient
digestibility and gut microbiome. A total of 128 weanling pigs (Duroc × Yorkshire × Landrace)
barrows: gilts = 1:1; 6.2 ± 0.6 kg BW; weaning age: 21 d) were randomly assigned to 4
treatments, 8 replicate pens with 4 pigs per pen based on their BW at weaning. The 4 treatments
were a combination of 2 dietary treatments (with or without xylanase) in 2 time points [phase 1
(d 0-14) and phase 2 (d 14-42)]: xylanase/xylanase, xylanase/control, control/xylanase and
control/control. The study lasted 42 d with a 3-phase feeding program: d 0 to 14, d 14 to 28 and d
28 to 42. Chromic oxide was included in the diets at 0.5% from day 28. On day 41, fecal samples
were collected for determination of microbiome diversity and apparent total tract nutrient
digestibility (ATTD). Fecal DNA was extracted from each individual pig and the V3-V4 regions
of bacterial 16S rRNA gene sequenced on the Illumina platform. Pigs were euthanized on d 42
and ileal digesta analyzed for determination of apparent ileal digestibility (AID). From d 0-14,
pigs had lower BW, ADG and feed efficiency when xylanase was included in the diets.
However, the final BW and overall ADG on d 42 was higher when xylanase was supplemented
from d 14 compared to supplementation from d 0. The AID and ATTD of DM, GE, N and
phosphorus was increased by xylanase. Overall bacterial community structure was not influenced
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by treatment but xylanase significantly decreased Veillonellaceae, and tended to decrease
Megasphaera abundance in phase 2 compared to the non-supplemented group.
Key words: weaning pigs, xylanase, digestibility, gut microbial community
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2.2. Introduction
Weaning is a stressful period in the life of a pig. Pigs are subjected to environmental,
nutritional, physiological and immunological challenges during this period (Kim et al., 2012).
The gastrointestinal tract of newly weaned pigs is not fully developed (Lenoard et al., 2011) to
handle the change from milk to solid diets. In addition, the quantity of digestive enzymes for
digestion of carbohydrates, protein and fat is limited at this point (Himmelberg et al., 1985). A
reduction in the digestibility of nutrients in weaned pigs may impair the health and function of
the epithelial layer as the presence of undigested starch and protein will provide substrates that
support pathogen proliferation (Pluske et al., 2002). These factors often result in poor nutrient
utilization, health and growth performance in weanling pigs.
To overcome the problem of poor nutrient digestibility in weanling pigs, exogenous
enzymes, such as xylanases are often included in their diets. Xylanase hydrolyzes xylans, a
major carbohydrate component in plant cell walls found in all common dietary ingredients. Cell
wall degradation, viscosity reduction and provision of fermentable xylo-oligosaccharides have
all been forwarded as possible mechanisms of action of xylanases, all of which alter nutrient
supply in the small intestine. Inclusion of xylanases in pig diets has been shown to lead
increased growth performance and nutrient digestibility (Diebold et al., 2004; Zhang et al.,
2014). However, observed responses to enzyme supplementation are often inconsistent
(Mavromichalis et al., 2000; Thacker, 2005). A possible reason for the inconsistent responses to
xylanase is the age of the animals used (Kim et al., 2012). The basis for the effect of age at the
time of introduction of enzyme is unclear. Possible mechanisms could also include effects of
enzyme on gut microbial diversity, gut maturation, digestive and absorptive efficiency as a result
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of changes in nutrient supply. Therefore, the objective of the current study was to determine the
effect of timing of xylanase supplementation after weaning on growth performance, nutrient
digestibility and fecal microbial diversity in weanling pigs.

2.3. Materials and Methods

2.3.1. Animals and sample collection
All animal procedures were approved by the Purdue University Animal Care and Use
Committee (PACUC). All the pigs used in this study were obtained from Purdue University
Swine Research Unit. A total of 128 weanling pigs (Hampshire × Duroc × Yorkshire × Landrace,
64 barrows and 64 gilts, weaning age 21 d) with an average initial BW of 6.2 kg were used in a
randomized complete block design with 8 replicates (4 pens of barrows and 4 pens of gilts) and 4
pigs per replicate for a 42-d study. Pigs were fed with experimental diets in 2 phases: d 0 to 14
and d 14 to 42. Two diets were used during d14-42 (d14-28 and d28-42) to allow adjustment of
the diets to meet the nutrient requirements of pigs of that age (Table 1). Pigs were housed in
floor pens and had ad libitum access to feed and water. Pigs were allocated to treatments based
on their initial BW on d 0. BW and feed disappearance were recorded every 2 wk and G:F was
calculated. From d 28, chromic oxide was included in the diets at 0.5% for determination of
energy and nutrient utilization (Adeola et al., 2010). On d 41, fecal samples were collected from
each pig through rectal palpation to determine fecal microbiome and samples were pooled within
each pen to measure ATTD. On day 42, 2 pigs from each pen were euthanized by injection of 0.5
ml of Telazol ® [Fort Dodge Laboratories, Inc., Fort Dodge, Iowa, USA, 100mg/ml in 5ml of
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xylazine (Veterinary Healthcare Solutions, Inc. Windsor, ON, Canada)] and asphyxiation using
CO2. Digesta from the last two thirds of the ileum were collected for determination of apparent
ileal digestibility (AID) of dry matter (DM), gross energy (GE), nitrogen (N), calcium (Ca) and
phosphorus (P).

2.3.2. Dietary treatment and experimental design
Two dietary treatments were used in this study: a control diet which met the nutrient
requirements of weanling pigs (NRC, 2012), and a xylanase supplemented diet in which
xylanase (Econase, ABVista, UK) was added at 0.1 g/kg to the control diet in the place of corn.
Diet compositions are presented in Table 2-1. Xylanase was supplied at two different time points
(d 0-14 and d 14-42), giving a total of four experimental treatments: control/control,
control/xylanase, xylanase/control and xylanase/xylanase, where the first diet was fed from d 014 and the second diet was fed from d 14-42.

2.3.3. Chemical analyses
Ileal digesta were pooled from 2 pigs per replicate pen, and fecal materials from 4 pigs
were pooled in each replicate pen. Diets, ileal digesta and fecal samples were ground and dried at
105°C in a drying oven (Precision Scientific Co., Chicago, IL) for 24h to determine the DM
content (AOAC, 2000). Gross energy was determined on a bomb calorimeter (Parr 1261 bomb
calorimeter, Parr Instruments Co., Moline, IL, USA). Chromium concentration was determined
after sample digestion in concentrated nitric acid and 70% perchloric acid. Chromium
concentration was then determined by absorbance reading at 440nm on a spectrophotometer
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(Spectronic 21D, Milton Roy Co., Rochester, NY) (Fenton and Fenton, 1979). Similarly, Ca and
P concentrations were measured after nitric and perchloric acid digestion followed by
spectrophotometric reading of absorbance at 620nm using the method described by Onyango et
al. (2004). Concentration of Ca in the supernatant was determined using flame atomic absorption
spectrometry (Varian FS240 AA Varian Inc., Palo Alto, CA, USA). Nitrogen content was
determined with the combustion method on a model FP-2000 nitrogen analyzer (Leco Corp., St.
Joseph, MI). Apparent ileal (or total tract) digestibility was calculated using the following
equation:
AID (ATTD), % = [1-(Cri / Cro) x (Yo / Yi)] x 100;
Where Cri and Cro are the chromium concentrations of the diet and ileal (or fecal) output,
respectively (mg/kg of DM); and Yo and Yi are the concentrations of nutrients in the ileal (or
fecal) output and diet, respectively (mg/kg of DM).

2.3.4. DNA extraction and microbial analysis
Total bacterial DNA was extracted from fecal samples of two pigs per pen (64 pigs
total) using the FastDNA® SPIN Kit for Soil (MP Biomedicals, Irvine, CA) per manufacturer’s
instructions with the exception that 200 mg of fecal samples was used instead of soil
(Ariefdjohan et al., 2010). Samples were completely thawed overnight at 4°C and homogenized
before being used for DNA extraction. Extracted DNA was quantified by Hoechst 33258 dye
method (Thermo Fisher Scientific Inc., Waltham, MA) on a NanoDrop ND-3300 instrument
(Thermo Fisher Scientific Inc., Waltham, MA) using calf thymus DNA as a standard. A two-step
PCR was used to amplify products for sequencing. In the first step, the V3 and V4 region of
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bacterial 16S rRNA gene was amplified using primers V3_343F (5’ TCT TTC CCT ACA CGA
CGC TCT TCC GAT CTN NNN TAC GGR AGG CAG CAG 3’) and V4_803R (5’ GTG ACT
GGA GTT CAG ACG TGT GCT CTT CCG ATC TCT ACC RGG GTA TCT AAT CC). The
PCR reaction mixture contained: 25 ul of 2x Q5 master mix (New England BioLabs, Inc.,
Ipswich, MA), 1.25 ul of 20 mg/ml bovine serum albumin (BSA), 0.5 mM of each primer, 1ng of
DNA template, and using nuclease free water (Thermo Fisher Scientific Inc., Waltham, MA) to
make the total reaction volume to 50 ul. Reactions were carried out on a PTC-100 thermocycler
(MJ Research Inc., Watertown, MA) using the following program: initial denaturation at 95°C
for 5 min, followed by 15 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 20 s, and
extension at 72°C for 20 s, and a final extension step at 72°C for 10 min. The PCR product was
purified with AMPure XP beads (Beckman Coulter Inc., Brea, CA), and further washed with
70% ethanol before final elution with nuclease free water. In the second step, a secondary PCR
product was generated through PCR amplification of the first PCR product using a set of
barcoded primers to allow library construction. The reaction mixture contained: 25 ul PCR
product from step 1, 26 ul of 2x Q5 master mix (New England BioLabs, Inc., Ipswich, MA) and
0.5 mM of each primer. The reaction program was: initial denaturation at 95°C for 5 min,
followed by 5 cycles of denaturation at 94°C for 30 s, annealing at 64°C for 20 s, and extension
at 72°C for 20 s, and a final extension step at 72°C for 10 min. The secondary PCR product was
also purified using the same protocol as in step 1. The PCR DNA was quantified as in step 1.
Pooled barcoded PCR DNA were sequenced on an Illumina sequencing platform. Sequence
results were analyzed according to methods described by Jones-Hall et al (2015), where primer
tags and low quality sequencing data were removed by the Illumina software, and the paired-end
sequencing data were merged before being analyzed on the QIIME pipeline (version 1.8.0). The
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operational taxonomic units (OTU) were assigned using Greengenes data set (version gg_13_5
otus) (McDonald et al., 2012). All subsequent comparisons were performed using equivalent
numbers of taxa (based lowest number of sequences obtained from a single sample) per sample
that were chosen by rarefaction. The alpha diversity of richness was determined using Chao 1,
Observed OTU and phylogenetic diversity (PD) whole tree to compare diversity within a sample.
Beta diversity was determined using phylogenetic distance (unweighted and weighted Unifrac)
(Hamady et al., 2010) and non-phylogenetic Bray Curtis distance. Two-way non-parametric
permutation analysis of variance (perMANOVA) and two-way analysis of similarity (ANOSIM)
were used if alpha and beta diversity was significant.

2.3.5. Statistical Analysis
For phase 1 growth performance, Proc GLM was used and xylanase effects were
determined using contrast statement in SAS (SAS Institute, Inc. 2006). Other data were analyzed
using the Proc GLM procedure of SAS for a randomized complete block design. The model used
was Yijkl = µ + αi + βj + γk +βγjk +Ɛijkl, where Y was the measured variable, µ was the overall
mean, αi was the effect of sex, βj was the mean of jth phase1 diet, γk was the mean of kth phase2
diet, βγjk was the interaction of phase 1 and phase 2 diets, and Ɛijkl was the residual. Results are
reported as least square means and standard errors of means. Means were considered to be
different at P ≤ 0.05. When the interaction was significant at P < 0.05, differences between
means were compared using the Tukey multiple comparison test. Superscript designations were
used to indicate significant mean differences. Two-way ANOVA was used to determine the
effects of xylanase and timing of xylanase on relative abundance of each bacterial genus.
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2.4. Results
Table 2-2 shows the growth performance during phase 1. Xylanase supplementation led
to a lower (P < 0.05) BW, ADG and feed efficiency on d 14, and led to a tendency (P =0.06) for
a lower feed intake during this period compared to the control. However, xylanase
supplementation from d 14 resulted in a higher BW on d 28 and d 42 compared with the group
that received xylanase in both phases 1 and 2 (xylanase/xylanase) (Table 2-3). From d 14-28
there was no effect of enzyme or phase interaction on growth performance (ADG and ADFI and
feed efficiency). From d 28 to 42, there was a significant phase interaction on ADG and ADFI
such that the control/xylanase group had higher ADFI compared with other groups. The
control/xylanase group also had a higher (P < 0.05) ADG than the control-control group, but
with similar ADG compared to the xylanase/xylanase and xylanase/control groups. Therefore,
for the entire second phase (d 14-42), there was an interaction such that the control/xylanase
group had a higher ADG and ADFI compared with other groups. Overall (d 0-42), the
control/xylanase group had a higher ADG compared with the xylanase/xylanase and
control/control groups (P =0.05), but there was no overall effect of treatment on feed efficiency
among treatments (Table 2-3).
Effect of treatment on apparent ileal digestibility of DM, energy, N and phosphorus is
presented in Table 2-4. Effect of enzyme was significant for phase 2 such that the AID of DM,
energy, N and phosphorus were increased by xylanase compared with pigs fed on control diet (P
< 0.05, Table 2-4). ATTD of DM, energy, N and phosphorus followed a similar trend (Table 25). No phase interaction effects were observed for both AID and ATTD of all nutrients.
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Based on taxonomic analysis results, a total of 18 different phyla were identified in the
fecal samples (data not shown). Among these, Firmicutes and Bacteroidetes were in the largest
proportion with 74.58 ± 1.3 % and 23.18 ± 1.0 % abundance respectively of the total bacteria
population. In order to determine whether bacterial community structure was responsive to
enzyme supplementation, two-way non-parametric permutation analysis of variance
(perMANOVA) and two-way analysis of similarity (ANOSIM) were applied to evaluate the
bacterial differences under the different dietary treatments. Taxonomic analysis at the phylum
level showed no significant treatment differences in the overall community structure (ANOSIM
R=-0.00387, P=0.478). Two-way perMANOVA also showed that the bacterial structure was not
influenced by enzyme supplementation, regardless of the different supplementation phases or
their interaction (phase 1 P =0.184, phase 2 P =0.3983, interaction P=0.866). Principal
coordinates analysis (PCoA), a multidimensional scaling method, was also used to calculate the
contribution of each treatment variable to generate a 3-dimensional representation of sample
distribution or clustering according to their degree of similarity. The PCoA illustration is shown
in Figure 2-1 and shows that the bacterial communities were randomly distributed with no
separation due to any particular treatment variable. Although the overall bacterial community
structure was not influenced by the different treatments, an analysis of each individual bacterial
genus was done to identify specific bacterial groups that might be responsive to enzyme
supplementation. A total of 200 different genera were identified. However, there were only 44
genera with relative abundance no less than 0.1% of the total, and only 18 genera had a relative
abundance larger than 1%. A two-way ANOVA was then applied to determine the effect of
enzyme supplementation on each individual genus (specifically those with relative abundance
larger than 1% of total). Only 2 genera out of 18 were influenced by xylanase supplementation in
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phase 2. Compared to the control group, xylanase supplementation during phase 2 led to
decreased Veillonellaceae and a tendency for lower Megasphaera relative abundance (Table 2-6)
with no significant phase interactions.

2.5. Discussion
Corn contains about 7 to 9% of non-starch polysaccharides (NSP) which is mainly
insoluble arabinoxylans (Dierick and Decuypere, 1996; Summers, 2001). The effects of xylanase
supplementation of corn-based diets have been inconsistent. Whereas a few studies reported
positive effects of exogenous xylanases on growth performance of pigs (Emiola et al., 2009; He
et al., 2010), others did not observe any effects in corn-based diets (Olukosi et al., 2007a;
Olukosi et al., 2007b; Willamil et al., 2012). The difference in response may be due to
differences in age of pigs used, duration of the studies and the quantities of cereal grains used.
Thus, the present study was designed to investigate these effects on growth performance, nutrient
digestibility and microbial diversity in weanling pigs. A lower BW, ADG and feed efficiency
was observed in pigs fed with xylanase from d 0-14 after weaning. The reason for the reduced
growth performance in xylanase supplemented pigs during the first phase is unclear but might be
due to a possible negative effect of xylanase on digestive enzyme secretion or activity. In support
of this possibility, Fan et al. (2009) observed that xylanase supplementation significantly reduced
amylase and lipase activities in the duodenal digesta of weaned pigs. Given the immaturity of
the digestive tract at this age (Lenoard et al., 2011), and the low secretion of digestive enzymes
in newly weaned pigs (Himmelberg et al., 1985), a further reduction by xylanase in the secretion
of these enzymes is expected to have a significant negative impact on nutrient digestibility and
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growth. Unfortunately, because AID or ATTD were not determined on d14, it was impossible to
ascertain the effect of xylanase on nutrient digestibility at 2 weeks post-weaning. Additionally,
the strong tendency for a reduced feed intake in xylanase supplemented pigs is consistent with
the reported anorectic effect of xylanase. Singh et al. (2012) reported that xylanase increased
serum polypeptide YY (PYY) concentration in broiler chickens. Because PYY is linked to
reduction in feed intake (Batterham et al. 2002), it was possible that xylanase supplementation
evoked an anorectic effect in the pigs as well. The lower ADFI in the xylanase supplemented
pigs during the first two weeks might explain the reduction in growth performance from xylanase
during this period. In this respect, future studies on xylanase supplementation to weanling pigs
should involve a determination of effects on satiety evoking gut peptides, an example PYY. A
further possibility relates to the ability of the xylanase to produce significant quantities of
fermentable oligo-saccharides. Whilst these may be seen as beneficial in a more stable intestinal
environment, under the conditions of weaning stress, where the microbiome is naïve and in
turmoil, addition of a fermentable xylan may not be beneficial at this point in time. There was an
interaction of phase on BW and overall ADG such that pigs fed the control diet for first two
weeks and xylanase supplemented diet from age d14 were heavier compared with other pigs.
Similar results have been reported by Dunshea et al. (2002) in which xylanase supplementation
had a positive effect on growth performance in pigs weaned at an older age than used in the
present study, and the benefits happened 2 weeks post-weaning.
Xylanase supplementation increased AID and ATTD of DM, energy, N and phosphorus
at the end of the study (d 42) without an interaction effect of phase, suggesting that there was no
effect of prior xylanase supplementation during d0-14 on subsequent (d14-42) xylanase effects
on AID or ATTD. Improvement in nutrient digestibility by xylanase is consistent with its
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expected activity in releasing nutrients trapped within the cell wall. Arabinoxylans are found in
the cell walls of protein-rich aleurone layer and starchy endosperm of corn. Starch and
intracellular proteins may be surrounded by cell wall structure and unavailable for pigs to digest
in the ileum (Omogbenigun et al., 2004). Meng et al. (2002) demonstrated that adding
carbohydrases with a wide range of cell wall degrading activities facilitated breakdown of cell
wall polysaccharides. The observed positive effect of xylanase supplementation on nutrient
digestibility is consistent with the studies of Diebold et al. (2004) and Nortey et al. (2007), who
reported that xylanase supplementation to diets of pigs improved energy and nutrient
digestibility. One issue here is that the two xylanase treatments in phase 2 resulted in better
nutrient digestibility than the controls, but only the control/xylanase resulted in performance
enhancement. It suggests that the digestibility data need to be viewed with caution as these data
alone did not predict these performance differences. When the digestibility data are coupled with
intake, however, the responses in performance are clearly aligned with digestible nutrient intake,
highlighting the need to consider treatment differences in intake when reviewing digestibility
data.
Weaning stress from environmental factors, dietary changes and mixing of pigs from
different litters usually causes impaired gut immunity and poor growth performance (Moser et
al., 2007; Kluess et al., 2010). The pig and its commensal gut microbiota need to adapt rapidly to
the switch from milk to solid diets composed of a complex mixture of feed ingredients. A highly
diverse microbiota has an important role in gastrointestinal tract (GIT) development, function,
and immune response (Chowghury et al., 2007; Danielsen et al., 2007). Therefore, it was very
important to measure the microbial community structure in response to xylanase
supplementation in this study, because xylanase has a potential to significantly alter microbial
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community structure. This is because pentoses released by xylanase are poorly used by pigs
(Yule and Fuller, 1992), leading to fermentation of these products in the GIT, and a modification
of gut microbiota population (Zhang et al., 2014) to handle the fermentation. We utilized
bacterial DNA sequencing because of its robustness and sensitivity to identify different bacteria
populations (Kim and Isaacson, 2015). This technique is widely used to detect the microbiota
diversity in fecal samples of mice and humans (Jones-Hall et al., 2015). However, there was no
effect of xylanase on bacterial community at the genus level. It has been estimated that a stable
bacterial community structure is established about three weeks post-weaning in pigs (Frese et al.,
2015). Although xylanase was supplemented immediately after weaning, its effect was
insufficient to alter bacteria community structure determined 6 weeks after weaning. A study in
which community structure changes are determined much more frequently during xylanase
supplementation may be necessary to establish temporal changes in bacterial community
structure in response to xylanase supplementation. Nevertheless, xylanase supplementation
decreased the abundance of Veillonellaceae spp, regardless of phase of supplementation. In
contrast, work done by Zhang et al. (2014) showed that a xylanase-amylase-protease multienzyme supplementation to weanling pigs fed corn soybean meal based diets increased
Lactobacillus and decreased Salmonella and E. coli population in feces. The different enzyme
preparations used in this study and that of Zhang et al. (2014) might have explained the
differences in the different results obtained. In support of results from this experiment, Diebold
et al. (2004) reported a lack of effect of xylanase on VFA concentrations in the ileal and fecal
digesta of pigs, indicating that xylanase might not have significantly altered the relative
abundance of major bacteria groups, such as lactobacilli and streptococci.
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In conclusion, xylanase supplementation to pigs fed corn soy diets within the first two
weeks of weaning could lead to reduced growth performance, primarily due to reduced feed
intake. On the other hand, adding xylanase from two weeks post-weaning led to improvement in
growth performance up to 6 weeks after weaning. In addition, xylanase addition improved
energy, N and phosphorus digestibility at 6 weeks post-weaning, regardless of whether xylanase
was added within the first two weeks of weaning or after. Xylanase supplementation and time of
xylanase addition had no effect on fecal microbial community structure at 6 weeks post-weaning.
Additional studies are needed to investigate changes in microbial community structure with
duration of xylanase supplementation as this would lead to a better understanding of temporal
changes in microbial community structure in response to dietary xylanase.
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Table 2-1: Composition of control diets in nursery pigs (as-fed basis)
Item
Day0-14
Day14-28
Day28-42
Ingredient, %
Corn
38.39
56.68
51.06
Soybean Meal
15.00
25.00
32.65
Soy protein concentrate
2.50
Oat Groats
5.00
DDGS
7.25
Whey, dried
22.40
7.25
Fishmeal
8.00
5.00
Blood plasma
3.00
Soybean oil
3.60
2.50
2.50
Limestone
0.16
0.31
0.63
Monocalcium Phosphate
0.40
0.80
1.12
L-lysine-HCl
0.21
0.48
0.47
DL Methionine
0.16
0.22
0.17
L-Threonine
0.12
0.26
0.20
L-Tryptophan
0.01
0.04
0.01
L-Valine
0.09
L-Isoleucine
0.03
Cr2O3 premix1
2.50
Salt
0.10
0.40
0.50
ZnO, 72% Zn
0.25
0.25
0.25
Vitamin premix2
0.25
0.25
0.25
Mineral premix3
0.15
0.15
0.15
4
Selenium
0.05
0.05
0.05
Mecadox
0.25
0.25
0.25
Calculated and analyzed composition, %
ME, kcal/kg
3532
3386
3340
SID Lysine
1.44
1.45
1.52
CP
23.0
21.4
22.6
Ca
0.69
0.61
0.55
STTD P
0.62
0.48
0.40
Analyzed composition, %
GE, kcal/kg
4118
CP
23.2
Ca
0.60
P
0.58
1 Cr O premix was made by 1 g of Cr O added to 4 g of ground corn
2 3
2 3
2
Vitamin premix supplied per kilogram of diet: vitamin A, 3,630 IU; vitamin D3, 363 IU; vitamin E, 36.4 IU;
menadione, 1.3 mg; vitamin B12, 23.1 μg; riboflavin, 5.3 mg; d-pantothenic acid, 13.1 mg; and niacin, 19.8
mg.
3
Mineral premix supplied per kilogram of diet: Cu (as copper chloride), 11.3 mg; I (as ethylenediamine
dihydroiodide), 0.46 mg; Fe (as iron carbonate), 121 mg; Mn (as manganese oxide), 15 mg; and Zn (as zinc
oxide), 121 mg.
4 Supplied 300 μg of Se per kilogram of diet.
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Table 2-2: Xylanase effects on growth performance of weanling pigs from d 0 to 14
Item
BW Initial, kg
BW day 14, kg
ADG, g
ADFI, g
Feed efficiency, g/kg

Xylanase
6.20
8.85
187.5
280.7
668.11

Control
6.20
9.55
237.8
322.5
737.247

SE
0.02
0.24
16.9
21.4
21.3

P- value
0.51
< 0.01
< 0.01
0.06
< 0.01

Data are means of 16 replicate pens. BW: body weight; ADG: average daily gain; ADFI: average
daily feedintake.
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Table 2-3: Effect of timing of xylanase supplementation on growth performance of weanling pigs
Phase 1
Xylanase
Control
P – value
Phase 2
Xylanase Control
Xylanase Control
SEM
Phase1 Phase2 Phase1 × Phase2
Initial bw, kg
6.2
6.2
6.2
6.2
0.02
0.51
0.61
0.51
BW day14, kg
8.96
8.74
9.68
9.4
0.24
<0.01
b
b
a
ab
BW day28, kg
15.9
15.9
17.1
16.2
0.36
0.23
0.28
0.04
b
ab
a
ab
BW day42, kg
25.1
25.3
27.0
25.3
0.51
0.16
0.08
0.05
day 14-28
ADG, g
497
508
528
502
13.4
0.36
0.58
0.17
ADFI, g
696
698
774
711
25.6
0.09
0.25
0.22
Feed efficiency, g/kg
715
729
686
707
10.9
0.03
0.12
0.76
day 28-42
ADG, g
658ab
676ab
706a
629b
18.0
0.95
0.11
0.01
b
b
a
b
ADFI, g
1037
1056
1135
1041
23.1
0.09
0.12
0.02
Feed efficiency, g/kg
635
640
622
605
13.6
0.10
0.65
0.43
day 14-42
ADG, g
577b
592ab
617a
566b
13.2
0.61
0.18
0.02
b
b
a
b
ADFI, g
866
877
954
876
21.0
0.06
0.12
0.05
Feed efficiency, g/kg
667
675
648
646
10.7
0.04
0.78
0.66
day 0-42
ADG, g
450b
454ab
493a
450b
12.3
0.13
0.11
0.05
ADFI, g
672
677
748
683
19.6
0.05
0.13
0.09
Feed efficiency, g/kg
670
671
661
660
9.2
0.27
0.80
0.90
Data are means of 8 replicate pens with 4 pigs per pen. BW: body weight; ADG: average daily gain; ADFI: average daily feedintake.
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Table 2-4: Effect of timing of xylanase supplementation on apparent ileal digestibility (AID) (%) of DM, energy and nutrients
Phase 1
Xylanase
Control
Phase 2
Xylanase
Control
Xylanase
Control SEM
Phase1
DM
64.8
54.4
58.8
58.7
2.92
0.81
GE
67.9
59.4
65.9
63.4
2.56
0.70
Nitrogen
74.5
68.0
72.1
71.6
1.54
0.69
Calcium
82.2
70.8
76.3
68.1
3.63
0.40
Phosphorus
55.5
44.0
51.9
48.7
3.04
0.85
Data are means of 8 replicate pens with 2 pigs per pen. DM: dry matter; GE: gross energy.

P – value
Phase2
Phase1 × Phase2
0.02
0.31
0.04
0.33
0.04
0.06
0.07
0.76
0.02
0.18
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Table 2-5: Effect of timing of supplementation on apparent total tract digestibility (ATTD) (%) of DM, GE and nutrients
Phase 1
Phase 2
DM
GE
Nitrogen
Calcium
Phosphorus

Xylanase
Xylanase
Control
81.6
79.0
80.3
78.3
79.5
76.4
70.2
46.5

67.9
37.4

Control
Xylanase
Control
81.2
78.2
80.4
77.9
78.4
75.3
68.0
43.4

67.0
37.0

SEM
0.77
0.86
1.02

Phase1
0.44
0.81
0.29

1.60
1.23

0.34
0.17

P – value
Phase2
Phase1 × Phase2
<0.01
0.84
0.02
0.80
<0.01
0.85
0.31
<0.01

0.68
0.29

Data are means of 8 replicate pens with 4 pigs per pen. DM: dry matter; GE: gross energy.
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Table 2-6: ANOVA analysis of bacteria responding to xylanase supplementation
Phase 1
Xylanase
Phase 2
Xylanase Control
Megasphaera, %
0.009
0.014
Veillonellaceae
0.005
0.008
spp.,
Data
are%means of 16 pigs per treatment.

Control
Xylanase Control
0.014
0.021
0.012
0.019

SEM
0.004
0.003

Phase1
0.10
<0.01

P – value
Phase2
Phase1 × Phase2
0.08
0.75
0.05
0.88
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Figure 2-1: Principal coordinates analysis of weighted Unifrac distance of pigs in response to
xylanase.
1

Principal coordinates analysis of pig fecal bacterial community, 1: xylanase/xylanase; 2:
xylanase/control; 3: control/xylanase; 4: control/control.
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CHAPTER 3. EFFECTS OF XYLANASE AND LIVE YEAST
SUPPLEMENTATION ON GROWTH PERFORMANCE,
NUTRIENT DIGESTIBILITY AND GUT MICRBIOME
DIVERSITY OF PIGS

3.1. Abstract
The first two weeks post weaning are important for pig growth performance and nutrient
digestibility. The objectives of the current study were to determine the effect of xylanase and live
yeast (LY) supplementation on growth performance and nutrient digestibility of weanling pigs,
and to determine the timing of xylanase supplementation, on future growth performance and gut
microbial diversity of pigs. In the study, 180 weanling pigs (21 ± 2 d, BW: 6.2 ± 0.16 kg) were
assigned to 5 treatments in a randomized complete block design (6 replicate pens, 6 pigs per pen)
from weaning to market. The 5 treatments were: control/control (T1), control/xylanase (T2),
xylanase/xylanase (T3), LY/xylanase (T4), combination of xylanase and LY/xylanase (T5),
where the first diet was fed from weaning to 2 weeks, and thereafter, the second diet was fed
from 2 weeks post weaning to d 141 with 6 phases of corn/SBM/corn DDGS diets. Xylanase
was added at 16,000 BXU/kg and LY at 1 kg/t. On d 15, 2 pigs per pen were euthanized to
obtain jejunal mucosa samples and ileal digesta. Fecal samples from d 0, 14, 43 and 127 were
collected for volatile fatty acids (VFA) and microbial diversity analysis. Pigs fed with LY and
combination of LY and xylanase from d 0-15 had higher BW and ADG on d 15 compared with
control (P <0.05). Overall, G:F was higher in the T5 and T2 groups (P <0.05) on d 127.
Additionally, glucose transporter 2 (GLUT2) mRNA expression was higher in the LY and
combination of LY and xylanase groups on d 15 compared with the control (P <0.05) and no
difference on SGLT1 and AA transporters. Furthermore, intestinal alkaline phosphatase (IAP)
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mRNA expression was highest in the T2 group and lowest in the T4 group (P <0.05). Treatment
had no effects on AID of DM, GE, N, Ca and P, but increased ATTD of N and P at the end of
nursery 1. Xylanase supplementation from week 2 also increased ATTD of GE, N and P at the
end of day 43. Fecal VFA concentration significantly increased with age (P <0.01). LY
supplementation significantly increased propionate acid, valeric acid and isovaleric acid
concentrations on d 127 (P <0.05). Age significantly affected microbial diversity structure (P
<0.01). In summary, LY supplementation with or without xylanase improved growth
performance of weanling pigs in the first 2 weeks after weaning. LY increased jejunum mucosa
GLUT2 mRNA expression, and fecal VFA concentrations and microbial community structure
were significantly influenced by age, with xylanase and LY supplementation having only a
minor effect.
Key words: Xylanase, Live yeast, Weanling pigs, Growth, Microbial
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3.2. Introduction
Postweaning stress is caused by environmental, nutritional, physiological and
immunological change immediately after weaning. Nutrient digestion and absorption are limited
during this period due to the undeveloped gastrointestinal tract and low activity of digestive
enzymes (Lenoard et al., 2011; Kim et al., 2012). The impaired gut epithelial layer at this period
will increase the proliferation and attachment of pathogenic bacteria leading to diarrhea and
depression in the growth performance of weanling pigs (Pluske et al., 2002). Addition of feed
additives is known to lead to improvement in health and growth performance of pigs at this
critical phase of life. Gut microbiota in weanling pigs is very immature and unstable compared
with adult pigs. The fragile ecosystem of the gut at weaning thus creates a risk of disease for
weanling pigs because this may have short-term or long-term effects on animal health and
growth performance (Saavedra and Dattilo, 2012).
Xylanase is added to swine diets to improve nutrient and energy digestibility. Xylanase
hydrolyzes xylans, a major carbohydrate component in plant cell walls found in all common
dietary ingredients. Xylanase acts by degrading cell wall components, reducing digesta viscosity
and increasing fermentable xylo-oligosaccharide concentrations. Inclusion of xylanases in pig
diets have been shown to lead to increased growth performance and nutrient digestibility
(Diebold et al., 2004; Zhang et al., 2014). However, observed responses to xylanase
supplementation are often inconsistent, with no effect of xylanase on growth performance and
nutrient digestibility seen in some studies (Mavromichalis et al., 2000; Thacker, 2005). In
addition, live yeast (Saccharomyces spp.) has been used in humans and animals to treat intestinal
diseases (Zanello et al., 2009). It is reported that Saccharomyces cerevisiae is effective in
reducing postweaning diarrhea by reducing the shedding of enterotoxigenic E. coli. (Trckova et
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al., 2014). In a study by Van der Peet-Schwering (2007) it was reported that LY increased
growth performance of piglets. Understanding how exogenous xylanase and LY regulate the gut
microbiome is important for ensuring optimal gut microbiome development and health of
weanling pigs.
Thus, the objectives of the current study were to determine the effects of supplementation
of xylanase and LY, individually or in combination during the first two weeks postweaning on
growth performance and nutrient digestibility of pigs, and to determine xylanase and LY effect
on long term growth performance and fecal volatile fatty acids (VFA) and gut microbial diversity
of pigs.

3.3. Materials and methods
All animal procedures were approved by the Purdue University Animal Care and Use
Committee. All the pigs used in this study were obtained from Purdue University Swine
Research Unit.

3.3.1. Animals and sample collection
A total of 180 weanling pigs (Hampshire × Duroc × Yorkshire × Landrace, barrows: gilts
= 1:1, weaning age 21 ± 2d) with an average initial BW of 6.2 kg were used in a randomized
complete block design with 6 replicates and 6 pigs per replicate in this study. Pigs were fed with
experimental diets in a 7-phase feeding program including 3 nursery phases: Nursery 1 (N1: d 015), Nursery 2 (N2: d 15-29) and Nursery 3 (N3: d 29-43); 2 growing phases: Grower 1 (G1: d
43-71) and Grower 2 (G2: d 71-99); and 2 finishing phases: Finishing 1 (F1: d 99-127) and
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Finishing 2 (F2: d 127-141). Pigs were housed in floor pens and had ad libitum access to feed
and water. Pigs were allocated to treatments based on their initial body weight on d 0. Body
weight and feed intake were recorded every two weeks and feed efficiency was calculated. Fecal
samples were collected from the same 2 pigs per pen on d 0, 14, 43 and 127 through rectal
palpation to determine gut microbial diversity and volatile fatty acids (VFA) concentration. For
N1 and N3, chromic oxide was included in the diets at 0.5% for determination of energy and
nutrient utilization (Adeola et al., 2010). On day 14 and 43, fecal samples were collected from
each pig and samples were pooled within each pen to measure apparent total tract nutrient
digestibility. On day 15, 2 pigs from each pen were euthanized by injection of 0.5 ml of Telazol
® [Fort Dodge Laboratories, Inc., Fort Dodge, Iowa, USA, 100mg/ml in 5ml of xylazine
(Veterinary Healthcare Solutions, Inc. Windsor, ON, Canada)] and asphyxiation using CO2.
Digesta from the last two thirds of the ileum were collected for determination of apparent ileal
digestibility of DM, energy, N, Ca and P.

3.3.2. Dietary treatment and experimental design
Four dietary treatments were used in N1 with a control diet which met the nutrient
requirements of weanling pigs (NRC, 2012); a xylanase (Econase, AB Vista, UK) supplemented
diet in which xylanase was added at 0.1g/kg to the control diet in the place of corn to supply
16,000 BXU/kg xylanase; a LY (Saccharomyces cerevisiae; Vista Cell®, AB Vista, UK) at 1
g/kg (2×107 CFU/kg) was added to the control diet; and a combination of xylanase and LY.
From N2 to F2, two dietary treatments were used in this study: a control diet which met the
nutrient requirements of pigs for each phase (NRC, 2012), and a xylanase-supplemented diet.
One half of the pigs which received the control diet at N1 were switched to the xylanase diet

104
from N2 to F2, the other half remained on the control diet. The other 3 groups that received
xylanase, LY and a combination of xylanase and LY were supplied with xylanase diets from N2,
giving a total of 5 treatments: T1 (Control/Control), where control diet was fed during N1 and
maintained on the control diet throughout the study, T2 (Control/Xylanase), where the control
diet was fed during N1 and switched to xylanase-supplemented diet from N2 to F2, T3
(Xylanase/Xylanase), where xylanase was added during N1 and maintained on xylanasesupplemented diet from N2 to F2, T4 (LY/Xylanase), where LY was fed during N1 and switched
to xylanase from N2 to F2, and T5 (Xylanase+LY/Xylanase), where a combination of xylanase
and LY was fed during N1, and switched to xylanase from N2 to F2. The control diet
compositions for each phase are presented in Table 3-1.

3.3.3. Chemical analyses
Ileal digesta were pooled from 2 pigs per replicate pen, and fecal materials from 6 (d 14)
or 4 (d43) pigs were pooled in each replicate pen. Diets, ileal digesta and fecal samples were
ground and dried at 105°C in a drying oven (Precision Scientific Co., Chicago, IL) for 24h to
determine the DM content (AOAC, 2000). Gross energy was determined on a bomb calorimeter
(Parr 1261 bomb calorimeter, Parr Instruments Co., Moline, IL, USA). Chromium concentration
was determined after sample digestion in concentrated nitric acid and 70% perchloric acid.
Chromium concentration was then determined by absorbance reading at 440 nm on a
spectrophotometer (Spectronic 21D, Milton Roy Co., Rochester, NY) (Fenton and Fenton,
1979). Similarly, Ca and P concentrations were measured after nitric and perchloric acid
digestion followed by spectrophotometric reading of absorbance at 620 nm using the method
described by Zhai and Adeola (2013). Concentration of Ca in the supernatant was determined
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using flame atomic absorption spectrometry (Varian FS240 AA Varian Inc., Palo Alto, CA,
USA). Nitrogen content was determined with the combustion method on a model FP-2000
nitrogen analyzer (Leco Corp., St. Joseph, MI). Apparent ileal (or total tract) digestibility was
calculated using the following equation:
AID (ATTD), % = [1-(Cri / Cro) x (Yo / Yi)] x 100;
Where Cri and Cro are the chromium concentrations of the diet and ileal (or fecal) output,
respectively (mg/kg of DM); and Yo and Yi are the concentrations of nutrients in the ileal (or
fecal) output and diet, respectively (mg/kg of DM).

3.3.4. RNA isolation, cDNA synthesis and quantitative real-time PCR
RNA was extracted from samples following the Trizol procedure (Invitrogen, Grand
Island, NY). One microgram of total RNA from each sample was reverse transcribed into cDNA
using Moloney Murine Leukemia Virus (Promega, Madison, WI). A Bio-Rad iCycler machine
was used to conduct RT-PCR. The PCR reaction mix consisted of 0.5 μg of cDNA, 0.075 nmol
of each of the forward and reverse primers (Table 2), RT2 SYBR Green Master Mix
(SABiosciences, Valencia, CA) and nuclease-free water (Ambion, Austin, TX) for a total
reaction volume of 20 μL. Reactions were incubated at 95 °C for 5 min. Thereafter, samples
were subjected to 45 cycles of amplification protocol as follows: 10 s at 95°C, 20 s at variable
annealing temperature for each gene (Table 3-2), and 72°C for 30s. Gene expression levels of
glucose transporter 2 (GLUT2), sodium-dependent glucose transporter 1 (SGLT1), fructose
transporter (GLUT5), glutamine transporter (ASCT2), cationic amino acid transporter
(SLC7A2), intestinal alkaline phosphates (IAP) and Mucin 2 (MUC2) were determined after
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correcting with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an endogenous
housekeeping control. A melt-curve analysis was conducted at the end of each PCR run to ensure
purity of the PCR amplification. The relative mRNA abundance was calculated by Pfaffl’s
method (2001).

3.3.5. DNA extraction and microbial analysis
Total bacterial DNA was extracted from fecal samples of two pigs in a pen per sampling
day using the FastDNA® SPIN Kit for Soil (MP Biomedicals, Irvine, CA) per manufacturer’s
instructions with the exception that 200 mg of fecal samples was used instead of soil
(Ariefdjohan et al., 2010). Samples were completely thawed overnight at 4°C and homogenized
before being used for DNA extraction. Extracted DNA was quantified by Hoechst 33258 dye
method (Thermo Fisher Scientific Inc., Waltham, MA) on a NanoDrop ND-3300 instrument
(Thermo Fisher Scientific Inc., Waltham, MA) using calf thymus DNA as a standard. A two-step
PCR was used to amplify products for sequencing. In the first step, the V3 and V4 region of
bacterial 16S rRNA gene was amplified using primers V3_343F (5’ TCT TTC CCT ACA CGA
CGC TCT TCC GAT CTN NNN TAC GGR AGG CAG CAG 3’) and V4_803R (5’ GTG ACT
GGA GTT CAG ACG TGT GCT CTT CCG ATC TCT ACC RGG GTA TCT AAT CC). The
PCR reaction mixture contained: 25 ul of 2x Q5 master mix (New England BioLabs, Inc.,
Ipswich, MA), 1.25 ul of 20 mg/ml bovine serum albumin (BSA), 0.5 mM of each primer, 1ng of
DNA template, and using nuclease free water (Thermo Fisher Scientific Inc., Waltham, MA) to
make the total reaction volume 50 ul. Reactions were carried out on a PTC-100 thermocycler
(MJ Research Inc., Watertown, MA) using the following program: initial denaturation at 95°C
for 5 min, followed by 15 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 20 s, and
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extension at 72°C for 20 s, and a final extension step at 72°C for 10 min. The PCR product was
purified with AMPure XP beads (Beckman Coulter Inc., Brea, CA), and further washed with
70% ethanol before final elution with nuclease free water. In the second step, a secondary PCR
product was generated through PCR amplification of the first PCR product using a set of
barcoded primers to allow library construction. The reaction mixture contained: 25 ul PCR
product from step 1, 26 ul of 2x Q5 master mix (New England BioLabs, Inc., Ipswich, MA) and
0.5 mM of each primer (8-bp tagged forward and reverse primes). The reaction program was:
initial denaturation at 95°C for 5 min, followed by 5 cycles of denaturation at 94°C for 30 s,
annealing at 64°C for 20 s, and extension at 72°C for 20 s, and a final extension step at 72°C for
10 min. The secondary PCR product was also purified using the same protocol as in step 1. The
PCR DNA was quantified as in step 1. Secondary PCR products were pooled at same quantities
and sent to the Purdue Genomics facilities for sequencing using a MiSeq instrument (Illumina).
Sequence results were analyzed according to methods described by Jones-Hall et al (2015),
where primer tags and low quality sequencing data were removed by the Illumina software, and
the paired-end sequence data was merged before being analyzed on the QIIME pipeline (version
1.9.1). The taxonomy of operational taxonomic unit (OTU) was assigned using Greengenes data
set (version gg_13_8_otus) (McDonald et al., 2012). All subsequent comparisons were
performed using equivalent numbers of taxa (based lowest number of sequences obtained from a
single sample) per sample that were chosen by rarefaction. The alpha diversity of richness was
determined using (Chao 1, Observed OTU) and phylogenetic diversity (PD) whole tree was used
to compare diversity within sample, Beta diversity was determined using phylogenetic distance
(unweighted and weighted Unifrac) (Hamady et al., 2010) and non-phylogenetic Bray Curtis
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distance. Non-parametric permutation analysis of variance (perMANOVA) and two-way analysis
of similarity (ANOSIM) were used if alpha and beta diversity was significant.

3.3.6. Statistical analysis
Data were analyzed using the Proc GLM procedure of SAS (SAS Inst. Inc., Cary NC) for
a randomized complete block design with diet as the main effect. Results are reported as least
square means and standard errors of the means. Means were considered different at P ≤ 0.05. and
means were separated using Tukey multiple comparison test. Superscript designations were used
to indicate significant mean differences. For the relative abundance of microbes, Krustral Wallis
analysis (non-parametric equivalent to ANOVA) was used for an overall comparison of average
proportions of each taxa level (phyla, class, order, family and genera) in fecal samples collected
on d 0, 14, 43 and 127. Wilcoxon test was used to determine significant differences between
treatments of within each sampling day. It was also used to compare d 0, 14, 43 and 127 samples
within treatments. All basic statistics were performed using the LEFSe described by Segata et al.
(2011), α level was set at 0.1.

3.4. Results

3.4.1. Growth performance
At the end of N1, there were only four dietary treatments, the BW on d 15 were higher in
pigs that had LY or a combination of Xylanase and LY compared to the control. ADG was also
increased by these two treatments with no difference in ADFI and G:F at the end of N1 (Table 3-
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3). From N2, half of the pigs that had the control diet at N1 were switched to the xylanase diet
and the BW at d 15 for treatments 1 and 2 was not different. BW was not different at d 29, 43,
71, 99, 127 and 141 in all treatments (Table 3-4, P >0.05). ADG, ADFI and G:F were not
different among treatments in phases N2, N3, G1, F1 and F2. The ADG during G2 was increased
by treatment 5 (Table 3-4, P = 0.05). The overall ADG, ADFI was not different. However, G:F
was increased by treatment 2 and 5 compared with control (Table 4, P = 0.02; 383 and 386 vs.
367 for treatment 2 and 5, respectively).

3.4.2. Nutrient digestibility
Two pigs per pen were euthanized on d 15, and ileal digesta were collected, pooled and
freeze dried to determine nutrient digestibility. In this study, dietary treatment did not have
effects on AID of DM, GE, N, Ca and P (Table 3-5). The ATTD of N and P was increased by
LY, combination of LY and xylanase increased ATTD of P (Table 3-5, P <0.01). However,
xylanase alone had no effect on ATTD of nutrients and energy (Table 3-5). Fecal samples were
also collected on d 43 through rectum palpation to determine ATTD of nutrients at the end of
nursery phase. The ATTD of energy, N and P were increased by treatment 2 compared with
treatment 1 (Table 3-6, P <0.05).

3.4.3. Gene expression
Jejunal mucosa samples were collected to determine gene expression of transporters
related to nutrient absorption and gut inflammation. LY increased GLUT2 expression by LY
alone or in combination with xylanase (Table 3-7, P = 0.01), while GLUT5 expression was
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decreased by combination of LY and xylanase (Table 3-7, P = 0.04). However, SGLT1, ASCT2
and SLC7A2 were not different among treatments (Table 3-7, P > 0.05). The expression IAP was
increased by xylanase or in combination with LY (Table 3-7, P = 0.01), and the expression of
Muc2 was not different.

3.4.4. Volatile fatty acid concentrations in fecal samples
Table 8 shows the effect of treatment and age on fecal VFA concentration. There was a
significant age effect on acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid,
valeric acid and total VFA concentrations (P < 0.05). Treatment or diet had no effects on VFA
concentrations on day 14 and 43 (P > 0.05). Treatment 4 significantly increased propionic,
isovaleric and valeric acids concentrations on d 127 (P < 0.05).

3.4.5. Gut microbial diversity
Samples with merged reads less than 10,000 were removed from data analysis with 57,
60, 53 and 57 samples on d 0, 14 43 and 127, respectively. A total of 10,083,567 high quality
merged sequences were obtained from these 227 samples with an average of 44,421 sequences
per sample (range, 393- 133,966 sequences/sample). All analysis was performed on reads
rarefied 10,000 sequences/sample.
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3.4.5.1. Microbial diversity
Alpha diversity and Beta diversity were analyzed in this study. Chao1 index estimates
richness by measuring total observed species and the ratio of singleton to doubletons, where the
sample with considerable number of singletons means more OTU observed, resulted in greater
Chao1 index value. (Chao, 1984). Observed species OTU related to measure of the total number
of species present in each sample. Alpha diversity incidences Chao1 (1100 ± 69, 1473 ± 59,
1826 ± 60, 1633 ± 29 for day 0, 14, 43 and 127 respectively, Figure 3-1A) and observed species
OTU measures (527 ± 27, 752 ± 22, 927 ± 19, 899 ± 11 for day 0, 14, 43 and 127 respectively,
Figure 3-1B) indicated that age had a significant effect on microbial diversity with lowest species
richness at the time pigs are weaned. Beta diversity measurement (weighted Unifrac distance)
and principal coordinates analysis indicated that microbial community structures were different
at different ages (Figure 3-2). However, treatment had no effect on microbial community
structure.

3.4.5.2. Taxonomic affiliations
A total of 19 phyla were identified in this study with Firmicutes and Bacteroidetes
contributed about 87-97 ± 4.8 % of total bacterial composition (Table 3-9). Out of 19 classified
phyla, age had significant effect on 14 of them in relative abundance. The pigs had the lowest
proportion of phylum Firmicutes on d 0 compared with d 14, 43 and 127.The proportion of
phylum Bacteroidetes was decreased after weaning. Diet had no effect on relative abundance at
the end of d 14 (Table 3-10). The relative abundance of phylum Bacteroidetes was increased at
the end of d 43 when pigs were fed with xylanase, live yeast or combination in the first two
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weeks post-weaning compared with pigs fed with the control diet (Table 3-11, P = 0.1). The
relative abundance of phyla Bacteroidetes and Firmicutes were not different among treatments.
However, we observed a lower Proteobacteria in the xylanase diet and lower Spirochaetes in
pigs fed with live yeast for 2 wk compared with the control and its combination with xylanase
(Table 3-12, P < 0.05).

3.5. Discussion
Weaning is a critical period of postnatal growth and gut development of pigs. This period
is usually associated with low feed intake and low digestive capacity (Fan, 2003). We observed
that LY supplementation increased BW and ADG at two weeks postweaning with a trend of
increasing feed efficiency. This is consistent with results reported by others on positive effects of
LY on growth performance of weaning pigs (van der Peet-Schwering et al., 2007, Trckova et al.,
2014). The mechanism of positive effect of LY on growth performance is still unclear. Possible
mechanisms include stimulation of nonspecific immune activation (Zanello et al., 2013) and
reduction in the proliferation of pathogens (Trekova et al., 2014). However, the effect of LY on
growth performance is inconsistent. Other studies reported no effects of LY on growth
performance (White et al., 2002; Van Heugten et al., 2003). The reasons for the different
responses to LY in different studies could be the source of LY, dose, composition of the diet, age
of animals and duration of experiment. There was also no effect of xylanase on growth
performance on d 15. Xylanase hydrolyzes xylan and releases xylose which can be fermented by
gut microbes such as xylanolytic bacteria (Varel et al., 1987) and LY Saccharomyces cerevisiae
(Kotter and Ciriacy, 1993). A combination of xylanase and LY improved growth performance in
this study. This indicates that the gut microbiome is nonfunctional and insufficient to ferment the
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xylose released by xylanase during the first 2 wk post weaning. The digestibility data at the end
of N1 supports the hypothesis that the gut microbiome is more functional with LY and xylanase
and LY supplementation in the large intestine where LY with or without xylanase
supplementation increased ATTD of N and P compared to the control diet. However, there was
no difference in AID of nutrients but a higher ATTD of N and P with LY. It is reported that gut
microbes can use ammonia to synthesize new microbial cells (Bergen and Wu, 2009) and P is a
major element required for DNA replication. Therefore, it is speculated that the increased ATTD
of N and P in the LY supplemented diet could reflect increased use of P and N to support
microbial population. The growth performance at N2, N3, G1, F1 and F2 were not different
among treatments. Similar observations were reported that xylanase or LY had no effects on
growth performance of growing pigs (Van Heugten et al., 2003; Yang et al., 2016).
The time of xylanase supplementation on growth performance was also tested in our
study. It was found that ADG and ADFI were not different between treatments 1 and 2 in all
phases. However, treatment 2 had higher overall G:F compared with the control. This suggested
that xylanase supplementation from two weeks postweaning was more effective than
supplementation immediately after weaning on future growth performance. However, the
underlining mechanism is still unclear. It has been reported that pig gut microbiota is not mature
until 2-3 wk postweaning (Frese, et al., 2015). Therefore, the probable reason could be the
immature gut microbiota during first week after weaning. The reason for the negative effect of
xylanase on growth immediately after weaning is unclear, but the xylose released from xylanase
supplementation could have negatively interacted with the animal to suppress growth
performance. This remains to be confirmed. The effect on ATTD data on day 43 may also
support this hypothesis that a more mature gut microbiome later in the life of a pig may support
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higher nutrient (GE, N and P) utilization when xylanase is supplemented from 2 wk postweaning onwards, where pigs fed with xylanase from 2 wk post weaning had either a statistically
significant or numerically higher ATTD of GE, N and P on d 43 compared with pigs that
received only control or xylanase diets from d 0 to 43.
Jejunal mucosa samples were also collected at the end of N1 to determine mRNA
expression of nutrient transporters. Glucose enters the enterocytes through the SGLT1 and exits
from the basolateral side by facilitated GLUT2 from where glucose is available for whole-body
utilization (Thorens et al., 1990). Transport of fructose from the lumen to the enterocyte is
mediated by the facilitative transporters, GLUT5 and GLUT2 (Burant et al., 1992). With low
lumen glucose concentration, SGLT1 is the main glucose transporter whereas GLUT2 is
dominant when lumen glucose concentration is high (Kellett and Brot-Laroche, 2005). It has also
been reported that GLUT2 is the main transporter of fructose with high fructose intake (Gouyon
et al., 2003). The differences in the regulation of these receptors may explain the observed
increase in GLUT2 and decrease in GLUT5 mRNA with LY supplementation. It has been
suggested that LY may increase lumen glucose and fructose concentration. However, the
underlining mechanism of this effect is still unclear. A study done by Yáñez et al. (2011) and Li
et al. (2006) reported that xylanase or LY had no effects on AID of amino acid and N. These
could explain our results in which neither LY nor other treatments had any effect on mRNA of
AA transporters (ASCT2 and SLC7A2). Intestinal alkaline phosphatase (IAP) is important for
animal health as it maintains a homeostasis between the diet, inflammation and gut microbiota
via dephosphorylation of lipopolysaccharides. It has been reported that diet can influence IAP
expression. IAP can then alter gut microbial homeostasis. In turn, the gut microbiota can also
change IAP activity (Estaki et al., 2014). Therefore, it is speculated that the increased IAP
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expression by xylanase supplementation on d 15 may be due to a change in the gut microbiota
composition by xylanase.
There are two possible reasons for the significant time effect on VFA concentrations. The
first could be that growing and finishing pigs had a more mature gastrointestinal tract and
functional gut microbiota compared with nursery pigs (Everaert et al., 2017), leading to higher
VFA production as the microbiota matured with age. The second reason could be the higher fiber
concentration in the growing and finishing diets relative to weanling pigs. The growing and
finishing diets used contained about 30% of DGGS, and this supplied a lot of fiber for microbial
fermentation. This may partly explain the higher VFA concentration later in the pigs. However,
LY supplementation during the first 2 wk postweaning led to higher propionic, isobutytic and
isovaleric acid concentrations compared with control at (Treatment 2 vs. 5). Isovaleric and
isobutyric acids were the main end products of branched chain amino acids fermentation
(Ganesan et al., 2004). The results in our study suggested that LY could induce early
colonization of bacteria which favor branched chain amino acids utilization.
Although the gut is sterile at birth, microbes colonize the gastrointestinal tract
immediately after birth from sources acquired from maternal and surrounding environments
(Mueller et al., 2015; Paul et al., 2016). However, there is a dynamic shift in the microbiome
with increasing age. Before weaning, the gut microbiome in pigs is shaped by milk, which is the
predominant source of nutrition during this period. Gut microbiota remains stable for a long time
only if a monotonous diet is consumed (Faith et al., 2013; Martinez et al., 2013). In this study, it
was found that phyla Bacteroidetes and Firmicutes comprised more than 90% of total
population. This agrees with findings from other studies (Kim et al., 2011; Pajarillo et al., 2014).
This is expected as most of the bacteria in these two phyla are anaerobes, and the anaerobic
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condition in the colon of pigs favors these bacteria. An age effect on microbial diversity structure
was observed in this study with lowest Chao1 and observed OTU values on d 0. A similar result
was reported by Kim et al (2011). It is suggested that the greater Chao1 and observed OTU
indicated a healthy gut condition. The reason for the different microbial composition at different
ages may be caused by the different feed consumed at different ages. The bacteria present in the
gut at weaning were more suited to milk degradation. However, this population shifts to plantorientated population as the pig changes to a plant based diets (Hayashi et al., 2007; Lamendella
et al., 2011). A study done by Umu et al. (2015) reported that pigs fed with different types of
resistant starch had different microbial community structure. This may partly explain the effect
of age on the microbiome in the current study as pigs had access to more fermentable substrates
during the growing and finishing phases compared to the preweaning and immediate
postweaning periods. In addition to change in diet at weaning, weaning stress, change in pen
hygiene and other physiological factors may also contribute to the microbial shift observed at
weaning (Pajarillo et al., 2014). However, there was no effect of treatment on overall gut
microbial diversity structure. The reason for these results might be the short duration of some
treatments. It has been shown that microbial diversity was not different on d 3, 7, 21, 49 and 84
when pigs received different types of resistant starch (Umu et al., 2015). However, LY and
combination of LY and xylanase were only fed for 2 wk in this study. The relatively short
treatment period might not be sufficient for a significant change to microbial diversity but could
affect the relative abundance of certain bacteria. This possibility is supported by the observation
that LY and xylanase had significant effects on relative abundance of bacteria on d 43 and 127
but not d 14.
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Xylan is the second most abundant plant polysaccharide after cellulose and xylan can be
degraded by Bacteroides succinogenes and Ruminococcus flavefaciens (Varel et al., 1987).
Xylanase is a feed enzyme that can break down the β-1,4- glycosidic bonds in xylan (Yule and
Fuller, 1992) to release xylose. Xylose can be fermented by microbes in the GIT, leading to
modification of the gut microbial diversity (Zhang et al., 2014). Specific effects of xylanase on
the microbiome was found in this study as we found that xylanase led to a higher increase in the
relative abundance of Bacteroidetes from d 14 to 43 compared to unsupplemented diets.
However, there was no effect of xylanase on phylum Bacteroidetes on d 127. However,
paradoxically, there was a reduction in the relative abundance of phyla Bacteroidetes from d 43
to d 127 in pigs fed xylanase-supplemented diets. Kim et al. (2011) reported a reduction of phyla
Bacteroidetes in older pigs compared to younger pigs. This may suggest that other age-related
factors, apart from diet composition could contribute to the reduction in the relative abundance
of phylum Bacteroidetes.
Xylanase supplementation significantly reduced the proportion of phylum Proteobacteria
on d 127. Proteobacteria is comprised of groups of pathogenic bacteria such as E. coli,
salmonella, Vibrio, and Helicobacter. Thus, by reducing the relative abundance of this phylum,
xylanase could be enhancing the health of pigs by reducing the relative abundance of potentially
pathogenic bacteria. Xylanase leads to increased production of lactic acid (Hogberg and
Lindberg, 2004), leading to a low GIT pH condition in the GIT, which may suppress the growth
of pathogenic bacteria. Although not measured in this study, xylanase could have caused a
reduction in GIT pH in this study as well. A potential effect of xylanase on the microbiome in
favor of beneficial bacteria could also be seen in the increased relative abundance of Firmicutes
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in xylanase supplemented diets from d 0 to 43. This is because bacteria in the phylum Firmicutes
such as Lactobacillus and Clostridiales are considered as beneficial.
Effect of xylanase supplementation time was also tested in our study by comparing
results obtained from treatments 1 and 2. Although xylanase supplementation immediately after
weaning led to higher phylum Bacteroidetes on d 43, there was no xylanase effect on microbial
relative abundance on d 127. This suggests that the initial effect of xylanase observed on d 43
had been dissipated from d 43 to 127. Effect of LY supplementation during the first 2 wk on gut
microbial diversity was also tested in this study. The observed increase in phyla Bacteroidetes on
d 43 and decreased Phylum Spirochaetes on d 127 by LY supplementation may indicate that pigs
fed LY were healthier. This is because most bacteria in phyla Spirochaetes are pathogenic
bacteria (Lee and Hampson, 1994; Radolf et al., 2012).
In summary, LY supplementation with or without xylanase improved growth
performance of weanling pigs in the first 2 wk after weaning. However, this had no effects on
long-term growth performance. Xylanase supplementation immediately after weaning had no
effects on growth performance either. However, xylanase supplementation from 2 wk
postweaning could improve overall feed efficiency compared with control. Live yeast
supplementation led to increased jejunum mucosal expression of GLUT2. Fecal VFA
concentrations and microbial community structure were significantly influenced by age, with
xylanase and LY supplementation having only a limited effect in increasing the relative
abundance of Bacteroidetes and decreasing the relative abundance of Spirochaetes.
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Table 3-1: Ingredient composition of control diet in the experiment (as-fed basis)
N1

N2

N3

G1

G2

F1

F2

Ingredient, g/kg
358.9 566.8 510.6 512.7 587.7 635.6 768.4
Corn
150
250
327
117
45
0
19.5
SBM
0
0
72.5
300
300
300
150
DDGS
224.0 72.5
0
0
0
0
0
Whey
30
0
0
0
0
0
0
Blood plasma
Soy protein
25
0
0
0
0
0
0
concentrate
80
50
0
0
0
0
0
Fishmeal
50
0
0
0
0
0
0
Oat Groats
36
25
25
0
0
0
0
Soybean oil
0
0
0
30
30
30
30
Choice white grease
1.6
3.1
6.3
14.4
14.3
13.3
11.4
Limestone
4.0
8.0
11.2
1.3
0.0
0.0
1.4
MCP
2.1
4.8
4.7
5.2
5.2
4.8
3.8
L-lysine-HCl
1.6
2.2
1.7
0.4
0.0
0.0
0.0
DL Methionine
1.2
2.6
2.0
1.2
0.9
0.6
0.9
L-Threonine
0.1
0.4
0.1
0.5
0.5
0.5
0.4
L-Tryptophan
0
1
0
0
0
0
0
L-Valine
0
0
0
0
0
0
0
L-Isoleucine
2
25
0
25
0
0
0
0
Cr2O3 premix
1.0
4.0
5.0
3.5
3.5
3.0
2.5
Salt
2.5
2.5
2.5
0.0
0.0
0.0
0.0
ZnO, 72% Zn
3
2.5
2.5
2.5
1.5
1.5
1.3
1.0
Vitamin premix
4
1.5
1.5
1.5
0.9
0.9
0.8
0.5
Mineral premix
5
0.5
0.5
0.5
0.5
0.5
0.3
0.3
Selenium
2.5
2.5
2.5
0.0
0.0
0.0
0.0
Mecadox
0
0
0
1
0
0
0
OTC
6
0
0
0
10
10
10
10
Phytase premix
1000 1000
1000
1000
1000
1000
1000
Total
1
Control diet formulation fed to pigs in each phase, xylanase, live yeast or their combination
were added to N1 diet in replacement of corn to supply 16,000 BXU/kg and 1 g/t,
respectively. Only xylanase was added at 16,000 BXU/kg from N2 to F2.
2
Cr2O3 premix was mixed by adding 1 g of Cr2O3 to 4 g of ground corn to have 0.5% Cr2O3.
3
Vitamin premix supplied per kilogram of diet: 3,635 IU vitamin A, 363 IU vitamin D3, 26.4
IU vitamin E, 3.6 mg vitamin K, 1,206 μg menadione, 21.2 μg vitamin B12, 4.2 mg
riboflavin, 13.5 mg d-pantothenic acid, and 19.5 mg niacin.
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4

Mineral premix supplied per kilogram diet: 9 mg Cu (as copper sulfate),0.34 mg I (as Ca
iodate), 97 mg Fe (as ferrous sulfate), Fe (as ferrous sulfate), 12 mg Fe (as ferrous sulfate),
and 97 mg Zn (as zinc oxide).
5
Supplied 300 μg of Se per kilogram of diet.
6
Phytase (Quantum Blue®, AB Vista, UK) premix was added from G1 at 10 g/kg to supply
500 FTU/kg phytase.
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Table 3-2: Primers for gene expression and their annealing temperature
Annealing
Gene
Primer (5'-3')
temperature (℃)
GAPDH (forward)
GTTTGTGATGGGCGTGAAC
56
GAPDH (reverse)
ATGGACCGTGGTCATGAGT
GLUT2 (forward)
TCGGTGGGACTTGTGCTACT
53
GLUT2 (reverse)
ATAATGAAATTGGGGGTCCA
GLUT5 (forward)
CCCCACCCACAATGGGCGTC
53
GLUT5 (reverse)
AGGGCGAAGCAAAACAGCACA
SGLT1 (forward)
GTGCAGTCAGCACAAAGTGG
62
SGLT1 (reverse)
CCCGGTTCCATAGGCAAACT
ASCT2 (forward)
CTTCACTCGCAAAAACCCCT
62
ASCT2 (reverse)
AATGAAGCGGCTGATGTGCT
SLC7A2 (forward)
ATTTTGGGGTCGCGGCAGCTTT
56
SLC7A2 (reverse)
TGCTGCCAACGACATACTTGGCA
IAP (forward)
AGGAGGCCTTTGACGCAAGA
62
IAP (reverse)
CAGTGGCTGAGGGACTTAGG
MUC2 (forward)
AACCAGAAGCTGGTCCTGAA
62
MUC2 (reverse)
TGTCAGCCATCGTAGGAAAT
rimers were designed with the Invitrogen Oligo Perfect primer design software. GAPDH:
Glyceraldehyde 3-phosphate dehydrogenase; GLUT2: Glucose transporter 2; GLUT5:
Glucose transporter 5; SGLT1: Sodium-dependent glucose cotransporter 1; ASCT2:
Glutamine transporter; SLC7A2: Cationic amino acid transporter; IAP: Intestinal alkaline
phosphatase; MUC2: Mucin 2.
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Table 3-3 : Effects of xylanase and live yeast on growth performance during nursery 1
Con
Xyl
LY
Xyl+LY
SD
P-value
Initial BW, kg
6.2
6.2
6.2
6.2
0.29
0.99
b
ab
a
a
BW d15, kg
7.4
7.7
7.8
7.8
0.32
0.04
b
ab
a
a
85
104
110
111
20.1
0.05
ADG, g /d
169
182
190
201
24.5
0.08
ADFI, g/d
493
558
573
549
75.4
0.09
G:F, g/kg
n=12, 6, 6, 6 for treatment Con, Xyl, LY and Xyl+LY, respectively. Means with different
superscript are different (P < 0.05). Con=Control, Xyl=Xylanase, LY=Live yeast, Xyl+LY=
Xylanase+Live yeast, BW: body weight, ADG: average daily gain, ADFI: average daily feed
intake.
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Table 3-4 : Effects of treatments on growth performance of pigs
1
2
3
4
5
SEM P -value
BW, kg
Day 29
13.0
14.3
14.0
14.4
14.4
0.4
0.08
Day 43
20.9
22.9
22.9
22.8
22.5
0.7
0.09
Day 71
43.6
44.8
45.9
45.3
45.6
1.0
0.4
Day 99
68.2
70.3
70.6
70.9
71.9
1.3
0.26
Day 127
91.4
93.6
94.6
94.6
96.7
1.8
0.3
Day 141
102.9 106.9 106.9 106.9 108.3
1.9
0.29
Nursery 2
403
474
446
464
459
27.4
0.33
ADG, g /d
ADFI, g/d
564
642
656
640
644
36.0
0.31
G:F, g/kg
714
741
687
724
712
18.1
0.25
Nursery 3
559
617
635
603
581
31.1
0.41
ADG, g /d
ADFI, g/d
975
1061
1103
1042
1011
37.7
0.13
G:F, g/kg
574
580
579
579
573
24.0
0.99
Grower 1
ADG, g /d
813
785
821
804
826
23.3
0.66
ADFI, g/d
1651 1675
1697
1693
1657
42.6
0.89
G:F, g/kg
493
470
484
476
500
11.1
0.25
Grower 2
877 b 908 ab 883 ab 914 ab 939 a
16.1
0.05
ADG, g /d
ADFI, g/d
2532 2531
2510
2560
2541
50.3
0.96
G:F, g/kg
347
359
352
359
370
7.0
0.14
Finisher 1
ADG, g /d
831
831
857
844
877
31.6
0.77
ADFI, g/d
2933 2758
3003
2869
2901 130.1
0.68
G:F, g/kg
286
301
289
296
302
9.9
0.64
Finisher 2
ADG, g /d
818
948
878
874
833
58.6
0.49
2977 3037
3204
3050
2877
82.7
0.08
ADFI, g/d
275
315
272
290
289
18.8
0.45
G:F, g/kg
Overall
685
713
714
713
722
13.2
0.28
ADG, g /d
ADFI, g/d
1872 1866
1937
1898
1875
45.4
0.74
367c
383ab 370abc 377abc 386a
6.1
0.02
G:F, g/kg
Data are means of 6 replicate pens per treatment. Means with different superscript are different
(P < 0.05). 1=Control/Control, 2=Control/Xylanase, 3=Xylanase/Xylanase, 4=Live
yeast/Xylanase, 5= Xylanase+Live yeast/Xylanase, BW: body weight, ADG: average daily gain,
ADFI: average daily feedintake.
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Table 3-5 : Effect of xylanase and LY on apparent ileal and total tract digestibility on d 15

Con
Day 15 AID, %
58.6
DM
61.4
69.2
85.7
Ca
55.1
P
Day 15 ATTD, %
81.0
DM
79.9
GE
74.1b
N
GE
N

Xyl

LY

Xyl+LY

SD

P – value

57.2

63.3

63.1

8.9

0.51

62.2
70.4
79.2
57.9

67.3
73.6
85.9
64.7

67.3
70.7
86.0
59.4

8.4
5.0
8.5
6.5

0.38
0.39
0.42
0.06

78.2
77.3
73.3b

81.2
80.6
78.6a

80.4
79.3
76.2ab

2.1
2.2
2.7

0.06
0.07
<0.01

80.0
78.8
81.2
81.8
2.7
0.22
Ca
b
b
a
a
P
62.9
62.6
66.8
67.4
2.5
<0.01
Data are means of two pigs per pen with 12, 6, 6, 6 pens for treatment Con, Xyl, LY and
Xyl+LY, respectively. Means with different superscript are different (P < 0.05). Con=Control,
Xyl=Xylanase, LY=Live yeast, Xyl+LY= Xylanase+Live yeast, DM: dry matter, GE: gross
energy, N: nitrogen, Ca: Calcium, P: phosphorus.
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Table 3-6 : Effect of treatment on apparent total tract digestibility on d 43, %
1
2
3
4
5
SEM
P – value
80.7
83.1
80.1
81.4
80.8
0.75
0.07
DM
b
a
b
ab
ab
78.2
81.9
78.0
79.7
78.7
0.88
0.02
GE
ab
a
b
ab
ab
76.5
80.2
75.2
77.7
76.5
1.04
0.03
N
78.8
81.8
79.2
80.5
81.6
1.10
0.19
Ca
b
a
ab
ab
ab
59.0
62.8
59.6
60.2
60.9
0.76
0.02
P
Data are means of two pigs per pen with 6 replicate pens per treatment. Means with different
superscript are different, P < 0.05. 1=Control/Control, 2=Control/Xylanase,
3=Xylanase/Xylanase, 4=Live yeast/Xylanase, 5= Xylanase+Live yeast/Xylanase, DM: dry
matter, GE: gross energy, N: nitrogen, Ca: Calcium, P: phosphorus.
Treatment
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Table 3-7 : Effect of xylanase and LY on jejunum mucosa gene expression on d 15
Con
Xyl
LY
Xyl+LY
SD
P - value
SGLT1
1.08
1.23
0.76
0.99
0.49
0.40
c
bc
a
ab
GLUT2
0.97
1.10
1.51
1.39
0.33
0.01
a
ab
ab
b
GLUT5
1.24
0.98
0.95
0.80
0.30
0.04
ASCT2
0.90
1.21
1.09
1.14
0.40
0.39
SLC7A2
1.12
0.96
1.36
1.01
0.50
0.53
b
a
b
a
IAP
0.82
1.08
0.71
1.01
0.20
0.01
MUC2
1.09
0.91
0.74
1.08
0.30
0.11
Data are means of two pigs per pen with 12, 6, 6, 6 pens for treatment Con, Xyl, LY and
Xyl+LY, respectively. Means with different superscript are different (P < 0.05). Con=Control,
Xyl=Xylanase, LY=Live yeast, Xyl+LY= Xylanase+Live yeast, SGLT1: sodium-dependent
glucose cotransporter 1, GLUT2: glucose transporter type 2, GLUT5: glucose transporter type 5,
ASCT2: alanine, serine, cysteine-preferring transporter 2, SLC7A2: cationic amino acid
transporter 2; IAP: intestinal alkaline phosphates, MUC2: mucin 2.
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Table 3-8 : Effect of treatments and age on fecal volatile fatty acids concentration
D0

Time

D 14

D 43

D 127

Treatment

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

Acetic acid
Propionic
acid
IsoButyric
acid

5.4

4.4

5.5

5.6

4.8

24.4

23.3

21.7

22.2

22.4

24.3

25.3

27.6

22.7

22.9

29.0
ab

3

25.0

29.3

b

12.9

ab

5

34.9

28.8
11.6ab

2.4

2.1

1.9

1.6

11.1

9.9

9.4

9.9

9.1

11.5

11.6

13.7

10.3

10.1

11.8

0.6

1.5

0.7

0.6

0.6

1.1

1.1

1.1

1.0

1.2

1.5

1.3

1.5

1.3

1.3

1.2

1.0

1.1

1.4

1.2

Butyric acid
IsoValeric
acid

1.8

1.3

1.3

1.8

1.8

5.5

4.7

4.8

4.9

4.9

5.4

5.8

7.0

5.9

5.5

8.1

6.6

8.9

10.3

8.5

1.8

1.2

1.2

1.8

1.2

1.8

1.7

1.8

1.6

1.8

1.9

1.5

2.2

1.6

1.6

1.9

Valeric acid

0.5

0.7

0.7

1.3

0.6

1.9

1.6

1.9

1.5

1.6

1.9

1.7

2.2

1.4

2.0

1.7ab

1.3b

Total VFA

9.2

7.9

10.1

10.2

7.7

45.8

42.3

40.7

41.2

41.0

46.5

47.2

54.2

43.1

43.4

53.6ab

44.3b

1.5

b

a

1.7ab

1.9ab

2.2a

1.6ab

55.9ab

65.9a

53.4ab

1.8

ab

14.5

a

2.3

ab

9.0

4

2.5

P – Value
SD
Time
Time × Treatment
4.37
<0.0001
0.15
Acetic acid
2.15
<0.0001
0.03
Propionic acid
0.32
<0.0001
0.20
IsoButyric acid
1.76
<0.0001
0.26
Butyric acid
0.46
0.02
0.04
IsoValeric acid
0.50
<0.0001
0.14
Valeric acid
8.20
<0.0001
0.06
Total VFA
Data are presented as nmol/g of wet fecal samples and are means of two pigs per pen with 6 replicate pens per treatment. Time has
significant effects on fecal volatile fatty acids concentration. Mean separation was made using Tukey’s multiple comparison within
each time point, means with different superscript are different, P < 0.05. 1=Control/Control, 2=Control/Xylanase,
3=Xylanase/Xylanase, 4=Live yeast/Xylanase, 5= Xylanase+Live yeast/Xylanase.
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Table 3-9 : Effects of age on the relative abundance (%) of microbes at the phylum level
Phylum
D0
D 14
D 43
D 127
Bonferroni_P -value
Synergistetes
0.40373684
0.0215
2.26E-03
3.51E-03
6.15E-33
Fusobacteria
1.004386
3.00E-03
0
5.26E-04
1.88E-31
WPS-2
0
0.0401667 0.7198113 0.3447368
9.70E-30
Firmicutes
61.9466667 82.0815 73.6290566 85.0394737
3.59E-23
Proteobacteria
5.7996491 1.0443333 0.5471698 0.5368421
4.28E-23
Bacteroidetes
25.1559649
14.527
23.6116981 11.1770175
7.46E-20
Spirochaetes
0.5192982 0.2601667 0.3030189 2.0422807
2.69E-19
Fibrobacteres
0
3.67E-03 0.0213208 0.0308772
7.98E-16
TM7
8.77E-04 0.0326667 3.58E-03
0.0221053
9.02E-15
Actinobacteria
0.8475439 1.6116667 0.8371698 0.5649123
1.61E-09
Cyanobacteria
1.93E-03 0.0111667 9.43E-03
0.0173684
1.93E-09
Tenericutes
0.0117544 0.0183333 0.0141509 0.0377193
3.02E-07
Lentisphaerae
2.46E-03
0
0
0
3.58E-06
Other
0.5973684
0.3385
0.2956604 0.1698246
0.008
Elusimicrobia
0.0696491 2.00E-03
3.58E-03
9.82E-03
0.018
Euryarchaeota
2.46E-03
1.17E-03
5.66E-04
8.77E-04
0.386
Deferribacteres
0
1.17E-04
5.66E-04
0
0.633
Chlamydiae
0
6.67E-04
3.77E-04
0
1
Verrucomicrobia
2.46E-03
1.17E-03
5.66E-04
2.11E-03
1
Acidobacteria
0
1.67E-04
0
0
1
n= 57, 60, 53 and 57 for d 0, 14, 43 and 127, respectively.
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Table 3-10 : Effect of treatments on relative abundance of gut bacteria at the phylum level on d
14
Con
Xyl
LY
Xyl+LY
SD
P - value
(%)
14.60
13.54
16.95
12.94
10.27
0.71
Bacteroidetes
82.27
83.52
79.89
82.46
10.50
0.65
Firmicutes
0.91
0.77
1.08
1.55
1.29
0.62
Proteobacteria
0.19
0.40
0.17
0.35
0.39
0.39
Spirochaetes
1.51
1.39
1.44
2.20
1.61
0.56
Actinobacteria
Data were relative proportion of most relative abundance phyla on d 14, n=24, 12, 12, 12 pigs for
treatment Con, Xyl, LY and Xyl+LY, respectively. Means with different superscript are different
(P < 0.05). Con=Control, Xyl=Xylanase, LY=Live yeast, Xyl+LY= Xylanase+Live yeast.
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Table 3-11 : Effect of treatments on relative abundance of gut bacteria at the phylum level on
day 43
1
2
3
4
5
SD
P - value
(%)
b
b
a
a
a
20.00
21.67
25.41
25.62
25.37
6.19
0.10
Bacteroidetes
76.35
75.78
72.56
70.46
72.88
6.39
0.20
Firmicutes
0.50
0.68
0.49
0.75
0.36
0.48
0.32
Proteobacteria
0.42
0.29
0.35
0.18
0.27
0.45
0.80
Spirochaetes
1.84
0.84
0.52
0.50
0.46
2.01
0.56
Actinobacteria
Data were relative proportion of most relative abundance phyla on d 43, n=11, 10, 10, 10, 12 for
treatment 1,2,3,4 and 5, respectively. Mean separation was made using Tukey’s multiple
comparison within each time point, means with different superscript are different, P ≤ 0.10.
1=Control/Control, 2=Control/Xylanase, 3=Xylanase/Xylanase, 4=Live yeast/Xylanase, 5=
Xylanase+Live yeast/Xylanase.
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Table 3-12 : Effect of treatments on relative abundance of gut bacteria at the phylum level on d
127
(%)
Bacteroidetes
Firmicutes
Proteobacteria
Spirochaetes
Actinobacteria

1
12.46
83.28
0.77a
2.30a
0.54

2
10.45
85.23
0.48b
2.36a
0.55

3
12.12
84.66
0.40b
1.72ab
0.58

4
10.20
87.21
0.50b
1.13b
0.58

5
10.78
84.66
0.54b
2.72a
0.58

SD
4.40
5.05
0.30
1.36
0.18

P – value
0.65
0.47
0.04
0.04
0.99

Data were relative proportion of most relative abundance phyla on d 127, n=11, 11, 11, 12, 12
for treatment 1,2,3,4 and 5, respectively. Mean separation was made using Tukey’s multiple
comparison within each time point, means with different superscript are different, P ≤ 0.10.
1=Control/Control, 2=Control/Xylanase, 3=Xylanase/Xylanase, 4=Live yeast/Xylanase, 5=
Xylanase+Live yeast/Xylanase.
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Figure 3-1: Effect of age on alpha diversity of fecal microbiome of pigs
n= 57, 60, 53 and 57 for d 0, 14, 43 and 127, respectively. A: Effect of age on Chao1 index,
Chao1 index is higher at 43 d post-weaning. B: Effect of age on observed OTU, higher observed
OTU on 43 and 127 d post-weaning. Means with different superscripts are different P < 0.05.
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Figure 3-2: Age effect on principal coordinates analysis of weighted Unifrac distance of
community composition
1

The three axis explained 25.33, 19.07.43 and 12.2% of total variance. Red dots: samples
collected at d 0; blue dots: samples collected at d 14; orange dots: samples collected at d 43;
green dots: samples collected at d 127. n= 57, 60, 53 and 57 for d 0, 14, 43 and 127, respectively.
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CHAPTER 4. EFFECT OF SUPPLEMENTATION OF XYLANASE AND
LIVE YEAST ON LONG-TERM GROWTH PERFORMANCE AND
NUTRIENT DIGESTIBILITY OF PIGS

4.1. Abstract
The objective of this study was to determine the effect of xylanase (Econase XT; XY)
and live yeast (Vistacell; LY) supplementation, alone or in combination, during the nursery and
growing-finishing stages, on performance and nutrient digestibility. A total of 128 weanling pigs
(21 ± 2 d, BW: 6.24 ± 0.20 kg) were assigned to 4 treatments in a randomized complete block
design (8 replicate pens, 4 pigs per pen) from weaning to market. The 4 treatments were as
follows and reflect the two feeding periods (weaning to d 21 after weaning and d 21-154): T1)
control/control, where control diet was fed for nursery 1 (N1) and throughout the study, T2)
XY/XY, where xylanase-supplemented diet was fed during N1 and throughout the study,T3)
XY+LY/XY, where a combination of xylanase and LY was fed during N1 and thereafter a
xylanase-supplemented diet was fed, T4) XY+LY/XY+LY, where combination of xylanase and
LY was fed throughout the study. Xylanase was added at 16,000 BXU/kg. Live yeast was added
at 1 g/kg from weaning to d 21 after which, if included in the diet, it was included at 0.5 g/kg
from d 21-156. Body weight and feed intake were recorded at the end of each nursery phase and
then every 2 wk thereafter. Apparent total tract digestibility (ATTD) of nutrients was determined
on d 42 and d 98 with inclusion of titanium dioxide (5 g/kg diet) as an indigestible marker. At d
21 there was no difference in body weight (BW), average daily gain (ADG), average daily feed
intake (ADFI) and feed efficiency (G:F) between the treatments. During the grower phase (d 4298) pigs on T3 and T4 had higher (P < 0.05) ADG by 6.7% and 6.1% respectively compared
with T1. In the finisher period (d 98 -156), pigs on the T4 treatment had a higher ADG than T1.
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At the end of the trial, pigs on T3 had higher (P < 0.05) BW than T1. The ATTD of N was
higher in T2 compared to other treatments at the end of N2. Likewise, T2, T3 and T4 had higher
digestibility of P compared with T1 during this period. However, compared with other
treatments, ATTD of DM and GE was higher in T4 at the end of G2, whereas ATTD of N was
higher in T2 compared to other treatments. In summary, early supplementation of a combination
of XY and LY increased subsequent growth performance and nutrient digestibility of weanling
pigs.
Key words: Xylanase, Live yeast, Weanling pigs, Growth performance
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4.2. Introduction
Weaning is the most stressful time in the life of a pig. The weaning period is associated
with changes in physical, social, nutritional and immunological environmental of the pig, often
leading to impaired nutrient digestion and increased intestinal infections. Antibiotics have often
been used to enhance piglet performance during weaning, but recent restrictions of antibiotic use
have created further animal health and performance issues (Pluske et al., 2002; Lenoard et al.,
2011; Kim et al., 2012). Among several alternatives to antibiotics being used, probiotics and
exogenous enzymes are thought to have beneficial effects in improving the digestive ecosystem
and preventing gut colonization by pathogenic organisms.
Yeast is commonly used to promote gut health. Saccharomyces cerevisiae ssp. is a
widely used yeast strain to treat intestinal diseases in humans and animals (Zanello et al., 2009).
It has been reported to be effective in reducing postweaning diarrhea by reducing the shedding of
enterotoxigenic E. coli. (Trckova et al., 2014), stimulating immunity by increasing the secretion
of IgA (Buts et al., 1990), and reducing intestinal permeability (Kollman et al., 2001). The use of
yeast has been reported to increase piglet growth performance (Van der Peet-Schwering, 2007).
Xylan is a major non-starch polysaccharide present in the cell walls of most of the
common plant-derived feed ingredients (Singh et al., 2003) and xylanase is added to swine diets
to improve nutrient digestibility. Xylanase is thought to degrade cell wall components, reducing
digesta viscosity and increasing concentration of fermentable xylo-oligosaccharides (Adeola and
Cowieson, 2011). Thus, studies have shown that inclusion of xylanases in pig diets leads to
increased growth performance and nutrient digestibility (Diebold et al., 2004; Zhang et al.,
2014). However, inconsistency in the observed effects of xylanase on animal performance has
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been a major problem associated with its use as other studies have shown that xylanase use did
not result in increased growth performance and nutrient digestibility (Mavromichalis et al., 2000;
Thacker, 2005). Combining xylanase and LY in a diet could create the right environment for
xylanase to increase nutrient digestibility and animal performance in a predictable manner.
Therefore, the objective of this study was to determine the effects of a combination of xylanase
and LY on the long-term growth performance and nutrient digestibility of weanling pigs.

4.3. Materials and methods
All animal procedures were approved by the Purdue University Animal Care and Use
Committee. All the pigs used in this study were obtained from the Purdue University Swine
Research Unit.

4.3.1. Animals and sample collection
A total of 128 weanling pigs (Hampshire × Duroc × Yorkshire × Landrace, barrows: gilts
= 1:1, weaning age 21 ± 2d) with an average initial BW of 6.2 kg were used in a randomized
complete block design with 8 replicates and 4 pigs per replicate in this study. Pigs were fed with
experimental diets in a 6-phase feeding program that included 2 nursery phases. Feeding phases
were designated relative to time after weaning. Nursery 1 (N1: d 0-21) and nursery 2 (N2: d 2142); 2 growing phases- grower 1 (G1: d 42-70) and grower 2 (G2: d 70-98); and 2 finishing
phases: finishing 1 (F1: d 98-126) and finishing 2 (F2: d 126-154). Pigs were housed in floor
pens and had ad libitum access to feed and water. Pigs were allocated to treatments based on
their initial body weight at weaning (d 0). Body weight and feed disappearance were recorded
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every two weeks and G:F was calculated. Titanium dioxide was included in the diets for N2 and
G2 at 0.5%, and Fecal samples were collected from all pigs in each pen at the end of N2 and G2
through rectal palpation to determine ATTD of nutrients (Adeola et al., 2010).

4.3.2. Dietary treatment and experimental design
Three dietary treatments which met the nutrient requirements of weanling pigs (NRC,
2012) were used during N1; a control diet, a xylanase (Econase, AB Vista, UK) supplemented
diet in which xylanase was added at 0.1 g/kg to the control diet in the place of corn to supply
16,000 BXU/kg xylanase and a diet with a combination of xylanase (16,000 BXU/kg) and LY
(Saccharomyces cerevisiae; Vista Cell®, AB Vista, UK) at 1 g/kg (2×107 CFU/kg). From N2-F2,
one half of the pigs that received the combined xylanase and LY diet during N1 were switched to
a diet which was supplemented with only xylanase, whereas the other half continued to receive
this combination of xylanase and LY giving us a total of 4 treatments: T1 (control/control),
where the control diet was fed during nursery 1 (N1) and throughout the study, T2) XY/XY,
where xylanase-supplemented diet was fed during N1 and throughout the study,T3) XY+LY/XY,
where combination of xylanase and LY was fed during N1 and thereafter a xylanasesupplemented diet was fed, T4) XY+LY/XY+LY, where combination of xylanase and LY was
fed throughout the study. The control diet compositions for each phase are presented in Table 41.
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4.3.3. Chemical analyses
Fecal samples were pooled from all pigs in each pen and dried at 55 °C in a forced-draft
oven and then ground to pass through a 0.5-mm screen before analysis. Diets and fecal samples
were then dried at 105°C in a drying oven (Precision Scientific Co., Chicago, IL) for 24h to
determine the DM content (AOAC, 2000). Gross energy was determined on a bomb calorimeter
(Parr 1261 bomb calorimeter, Parr Instruments Co., Moline, IL, USA). Titanium concentration
was determined by methods described by Short et al. (1996) with a minor modification. Briefly,
about 0.2 g of fecal or diet samples were ashed in porcelain crucibles for 16 h at 600 °C in a
muffle furnace. Then, 10 mL of 7.4 M H2SO4 were added to the ashed samples and boiled for
approximately 60 min in a hot plate until completely dissolved. After cooling the solution, 10
mL 30% H2O2 were added slowly to avoid loss of solution. The contents were then transferred to
a 100 mL flask and diluted to 100 mL with distilled water. Titanium concentration was
determined by absorbance reading at 410 nm on a spectrophotometer (Spectronic 21D, Milton
Roy Co., Rochester, NY). To determine P and Ca concentration, diets and fecal samples were
ashed in a muffle furnace at 600°C for 16 h. The ashed samples were digested in 20 mL 4N HCL
with 5 drops of concentrated nitric acid for about 7 minutes on a hot plate. The digested samples
were then moved into 250 mL volumetric flasks. Phosphorus concentrations were measured by
spectrophotometric reading of absorbance at 620 nm using the method described by Zhai and
Adeola (2013). Concentration of Ca in the supernatant was determined using flame atomic
absorption spectrometry (Varian FS240 AA Varian Inc., Palo Alto, CA, USA). Nitrogen content
was determined by the combustion method on a model FP-2000 nitrogen analyzer (Leco Corp.,
St. Joseph, MI). Apparent total tract digestibility was calculated using the following equation:
ATTD, % = [1-(Tid / Tio) x (Yo / Yi)] x 100;

148
Where Tid and Tio are the titanium concentrations of the diet and fecal output,
respectively (mg/kg of DM); and Yo and Yi are the concentrations of nutrients in the fecal output
and diet, respectively (mg/kg of DM).

4.3.4. Statistical analysis
Growth performance and ATTD data were analyzed as a completely randomized block
design using PROC GLM (SAS Inst. Inc., Cary, NC). The statistical model included treatment,
sex, sex × diet interaction, and block within sex as independent variable. Mean separation was
done using the PDIFF option of SAS

4.4. Results
The xylanase and LY activity recovery rate was between 103-120% and 95-106%,
respectively in diets in all phases. One pig in T1 and 2 pigs in T3 died during the experimental
period. All other pigs remained healthy throughout the study. Table 4-2 shows the growth
performance of pigs fed xylanase and a combination of xylanase and LY at the end of N1.
Xylanase or its combination with LY had no effects on ADG, ADFI and G:F. There was no
difference in BW among treatments at the end of N1, N2, G1, G2 and F1. At the end of the trial,
pigs in T3 were heavier than T1 (114.1 v 108.1 kg; P < 0.05) with T2 and T4 intermediate and
not different from T1 (Table 4-3, P < 0.05). Pigs in T3 and T4 had higher ADG during G2 with
no effects on ADFI and G:F (Table 4-3, P < 0.05). Treatment had no effect on ADG, ADFI and
G:F during N2, G1, F1 and F2 (Table 4-3).
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Table 4-4 presents the ATTD of nutrients and GE at the end of N2. The ATTD of N was
higher in T2 compared with T1. The digestibility of P was also higher in T2, T3 and T4
compared with the control (P < 0.05). In addition, treatment had no effect on ATTD of DM, GE
and Ca at the end of N2. Table 5 shows the ATTD of nutrients at the end of G2. Digestibility of
DM and GE were higher in T4 compared with T1. Additionally, T2 had higher ATTD of N
compared to T1 (P < 0.05). However, there was no treatment effect on ATTD of Ca and P at the
end of G2.

4.5. Discussion
The gastrointestinal tract of pigs is poorly developed at weaning and has a low digestive
enzyme activity (Lenoard et al., 2011; Kim et al., 2012). Consequently, the utilization of
nutrients is usually low at this critical time point. For this reason, exogenous digestive enzymes
such as xylanases are used to increase nutrient digestibility. However, the lack of effects of
xylanase on growth performance during the first 3 wk after weaning and during the growingfinishing phase is consistent with reports by Mavromichalis et al. (2000) who showed that
xylanase supplementation for 35 d to pigs weaned at 21 d old had no effects on growth
performance. However, others reported positive effects of xylanase supplementation on growth
performance during the nursery phase (He et al., 2010; Lan et al., 2017). Differences in response
to xylanase on growth performance after weaning could be due to the different microbial origins
of xylanases used and the different feed ingredients used. In a study by He et al. (2010), xylanase
increased ADG in weaning pigs fed a corn, wheat and wheat bran based diet. However, no
effects of xylanase were found with a corn, wheat and rye-based diet (Olukosi et al., 2007).
Wheat bran contains approximately 16% of arabinoxylans (Kabel et al., 2002), while only 8.7-
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11.5% arabinoxylans is present rye (Izydorczyk, 2009). Thus, the lack of sufficient substrate in
the rye containing diet relative to wheat bran could result in the reduced effect of xylanase in this
diet. In addition, Courtin and Delcour (2001) reported that the effect of xylanases on dietary fiber
hydrolysis is different with xylanase from different microbial origins having different effects on
growth performance and nutrient digestibility in pigs (Ndou et al., 2015).
In the current study, the combination of xylanase and LY had no effects on growth
performance during the nursery phase, but increased ADG during the grower phase and overall,
irrespective of whether it was supplemented during only the N1 or throughout the experiment.
The reason for the lack of a growth performance response to the combination of xylanase and LY
during the nursery phase could be related to the immature GIT of pigs at this stage, perhaps
preventing an optimal benefit of this combination on growth performance and digestibility.
However, the combination of xylanase and LY increased ATTD of P at the end of N2 and GE
and DM at the end of G2. This agrees with previous experiments as supplementation with live
yeast has been shown to result in increased nutrient digestibility and enhanced immunity of pigs
(Kogan and Kocher, 2007; Shen et al., 2009; Liu et al., 2018). Phosphorus is one of the main
elements for microbial growth and is a main constituent of nucleic acids. The implication of the
increased ATTD of P and gut microbial composition and abundance are unknown at this point.
However, the increased GE and DM digestibility in the xylanase and LY diet may partly result
from increased nutrient fermentation by microbes.
In summary, these results show that early supplementation of combinations of xylanase
and LY within first three weeks after weaning could increase ATTD of DM, GE and P during the
nursery and growing phase and this could potentially lead to better future growth performance.
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Table 4-1: Ingredient composition of control diet in the experiment (as-fed basis)

Ingredient, g/kg
Corn
Soybean meal
Corn DDGS
Oat groats
Soybean oil
Monocalcium
phosphate
Limestone
Salt
L-Lysine
DL-Methionine
L-Threonine
L-Tryptophan
Whey
Soycomil-P
Fish meal
ZnO
Copper sulfate
Vitamin premix2
Mineral premix3
Ethoxiquin
Phytase premix4
TiO2 premix5
Selenium6
Total
1

N1

N2

G1

G2

F1

F2

368.7
150
0
125
8

479.6
257.5
150
0
24

590.0
155
200
0
21

539.2
86
300
0
17

616.0
37.5
300
0
15

790.7
66
100
0
15

3.5

0

0

0

0

0

9.6
2.5
3.4
1.65
0.86
0.025
200
82.5
35
3.5
1
2.5
1.5
0.3
0
0
0.5
1000

11.25
4.5
4.5
0.93
0.9
0
25
0
0
1.5
0.5
2.5
1.5
0.3
10
25
0.5
1000

11
4.5
4.5
0.33
0.78
0.18
0
0
0
0
0
1.5
0.9
0.3
10
0
0.05
1000

10.25
4.5
4.5
0
0.51
0.325
0
0
0
0
0
1.5
0.9
0.3
10
25
0.05
1000

8.75
4.5
4.5
0
0.59
0.38
0
0
0
0
0
1.5
0.9
0.3
10
0
0.05
1000

7.25
4.5
3
0
0.59
0.19
0
0
0
0
0
1.5
0.9
0.3
10
0
0.05
1000

Control diet formulation fed to pigs in each phase, xylanase, live yeast or their combination were added
to control diet in replacement of corn to supply 16,000 BXU/kg and 1 g/t, respectively for each phase.
2
Vitamin premix supplied per kilogram of diet: 3,635 IU vitamin A, 363 IU vitamin D3, 26.4 IU vitamin
E, 3.6 mg vitamin K, 1,206 μg menadione, 21.2 μg vitamin B12, 4.2 mg riboflavin, 13.5 mg dpantothenic acid, and 19.5 mg niacin.
3
Mineral premix supplied per kilogram diet: 9 mg Cu (as copper sulfate),0.34 mg I (as Ca iodate), 97 mg
Fe (as ferrous sulfate), Fe (as ferrous sulfate), 12 mg Fe (as ferrous sulfate), and 97 mg Zn (as zinc oxide)
4
Phytase (Quantum Blue®, AB Vista, UK) premix was added from G1 at 10 g/kg to supply500 FTU/kg
phytase.
5
TiO2 premix was mixed by adding 1 g of TiO2 to 4 g of ground corn to have 0.5% TiO2.
6
Supplied 300 μg of Se per kilogram of diet.
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Table 4-2: Effects of dietary treatments on growth performance of nursery 1
Con
Xyl
Xyl+LY
SD
P-value
Initial BW, kg
6.2
6.2
6.2
0.29
0.99
BW d 21, kg
9.3
9.6
9.5
0.60
0.55
145
161
155
28.8
0.55
ADG, g /d
348
343
321
56.1
0.48
ADFI, g/d
421
473
481
63.7
0.11
G:F, g/kg
n=8, 8, 16 for treatment Con, Xyl and Xyl+LY, respectively. Con=Control, Xyl=Xylanase,
Xyl+LY= Xylanase+Live yeast. Initial BW was used as a covariant. BW: body weight, ADG:
average daily gain, ADFI: average daily feedintake, G:F: gain to feed ratio.
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Table 4-3: Effects of treatments on growth performance of pigs from nursery to finisher 2
1

2

3

4

SEM

P – value

BW, kg
9.3
9.6
9.3
9.7
0.2
0.55
d 21
18.8
19.8
18.8
19.5
0.5
0.62
d 42
38.0
38.4
38.5
39.0
0.9
0.88
d 70
61.3
62.6
64.1
63.6
1.0
0.26
d 98
84.4
86.0
88.5
87.2
1.3
0.18
d 126
b
ab
a
ab
108.1
111.0
114.1
111.9
1.3
0.04
d 154
Nursery 2
435
484
445
462
20.9
0.40
ADG, g
789
832
814
826
23.3
0.58
ADFI, g
552
581
546
558
14.7
0.38
G:F, g/kg
Grower 1
684
665
706
699
18.7
0.44
ADG, g
1442
1379
1466
1367
27.7
0.05
ADFI, g
475
483
482
512
11.3
0.12
G:F, g/kg
Grower 2
833b
864b
913a
908a
12.3
<0.01
ADG, g
2152
2185
2338
2259
58.2
0.14
ADFI, g
387
397
394
402
10.5
0.78
G:F, g/kg
Finisher 1
825
835
873
841
19.0
0.33
ADG, g
2559
2518
2661
2557
53.3
0.30
ADFI, g
324
332
330
330
9.6
0.94
G:F, g/kg
Finisher 2
848
892
913
881
21.4
0.22
ADG, g
2849
2901
2964
2916
67.1
0.69
ADFI, g
297
309
309
303
7.1
0.61
G:F, g/kg
Overall
660b
680ab
700a
691a
ADG, g
9.4
0.03
1792
1794
1866
1814
ADFI, g
30.4
0.30
368
379
376
381
G:F, g/kg
4.5
0.23
Data are means of 8 replicate pens per treatment. Means with different superscripts are different
(P < 0.05). 1=Control/control, 2=Xylanase/xylanase, 3=Xylanase+LY/xylanase, 4=
Xylanase+LY/xylanase+LY, BW: body weight, ADG: average daily gain, ADFI: average daily
feed intake, G:F: gain to feed ratio.
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Table 4-4: Effects of xylanase and LY on apparent total tract digestibility of nutrients at the end
of nursery 2.
(%)
1
2
3
4
SEM
P – value
DM
74.0
76.7
75.5
75.6
1.00
0.21
GE
76.2
78.9
77.6
77.6
0.77
0.10
N
68.4b
73.8a
72.0ab
71.9ab
1.05
0.02
b
a
a
a
P
31.1
44.1
42.8
46.7
2.11
0.0003
Ca
62.2
68.7
66.2
64.7
2.46
0.33
Data are means of 8 replicate pens per treatment. Means with different superscripts are different
(P < 0.05). 1=Control/control, 2=Xylanase/xylanase, 3=Xylanase+LY/xylanase, 4=
Xylanase+LY/xylanase+LY, DM: dry matter, GE: gross energy, N: nitrogen, P: phosphorus, Ca:
calcium.
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Table 4-5: Effects of xylanase and LY on apparent total tract digestibility of nutrients at the end
of grower 2.
(%)
1
2
3
4
SEM
P – value
b
ab
ab
a
DM
73.7
75.5
75.7
77.4
0.89
0.008
GE
75.9b
77.7ab
77.9ab
78.5a
0.83
0.03
b
a
ab
ab
N
68.1
72.6
72.2
71.5
1.47
0.03
P
53.2
54.0
59.6
56.2
2.82
0.19
Ca
67.0
64.0
68.5
64.2
3.42
0.76
Data are means of 8 replicate pens per treatment. Means with different superscripts are different
(P < 0.05). 1=Control/control, 2=Xylanase/xylanase, 3=Xylanase+LY/xylanase, 4=
Xylanase+LY/xylanase+LY, DM: dry matter, GE: gross energy, N: nitrogen, P: phosphorus, Ca:
calcium.
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CHAPTER 5. EFFECTS OF LIVE YEAST SUPPLEMENTATION TO
SOWS DURING GESTATION AND LACTATION AND TO PIGLETS
DURING THE NURSERY PHASE ON GROWTH PERFORMANCE
AND NUTRIENT DIGESTIBILITY OF PIGLETS

5.1. Abstract
The objectives of the current study were to determine the effects of live yeast (LY)
supplementation of sows during gestation and lactation and to determine the effects of
supplementation of their offspring after weaning on growth performance and nutrient
digestibility. A total of 40 sows were assigned to two dietary treatments (control vs. LY) based
on parity and expected farrowing date. Birth weight, weaning weight, litter size and mortality
were measured. After weaning, 128 mixed-sex piglets (64 from each sow treatment) were
selected based on their source litter and initial BW, and randomly assigned to 2 treatments
(control or LY) at 4 pigs per pen (total of 32 pigs per treatment) for a 6-wk growth performance
study. At the end of the growth performance trial, 2 barrows from each pen were moved to
metabolism crates for total fecal collection for a digestibility trial. Addition of LY to the sow
diets had no effects on birth weight, weaning weight, litter size at birth and mortality. Piglets had
higher BW on d 21 and 42 postweaning when sows were fed diets supplemented with LY, and
overall ADG was higher in piglets from sows that received LY (P < 0.05). There was no effect of
sow and nursery diets on overall ADFI and G:F. Supplementing diets with LY during the nursery
phase increased ATTD of DM, GE and P during this phase. The ATTD of GE was also greater in
piglets from sows that received LY. In conclusion, LY supplementation of diets during gestation
and lactation and during the nursery phase could increase ADG and ATTD of DM, GE and P in
the offspring, and this may lead to a higher future growth performance in the offspring.
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5.2. Introduction
Modern sows have been selected for large litter size, increased milk production and low
body fat deposition (Meat and Livestock Commission, 2006; Jang et al., 2013). Therefore, sow
nutrition management is critical not only for the health of sows, but also for the health and
performance of piglets. Inadequate nutrition during gestation will lead to lower birth weight and
subsequent poor development of offspring (Barker,1998).
Several approaches have been used for improving the health of gestating and lactating
sows. Live yeast (LY) supplementation in gestation and lactation diets has been shown to
improve sow health status and growth performance of piglets before weaning (Kim et al., 2008;
Shen et al., 2011; Jang et al., 2013). It has been reported that LY supplementation could increase
milk production in cows (McCoy et al., 1997), and LY has been shown to enhance growth
performance, nutrient digestion and immune status of nursery pigs (Kornegay et al., 1995; van
Heugten et al., 2003; van der Peet-Schwering et al., 2007; Shen et al., 2009). However, little is
known about effects of LY supplementation during gestation and lactation on growth
performance of weanling pigs. Therefore, the objectives of this study were to determine the
effects of LY (Saccharomyces cerevisiae spp.) supplementation in sow diets during gestation and
lactation on growth performance and nutrient digestibility of their offspring, and to determine
effects of LY supplementation during the nursery period on growth performance and nutrient
digestibility of pigs.
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5.3. Material and methods
All animal procedures were approved by the Purdue University Animal Care and Use
Committee. All the pigs used in this study were obtained from Purdue University Swine
Research Unit.

5.3.1. Animals and sample collection
A total of 40 sows were used in this study. Sows were assigned to two dietary treatments,
Control and LY, based on their parity and due date. Sows received 5 kg of feed daily in two
equal installments as practiced at the Purdue University Swine Research Unit. About 1 wk prior
to farrowing, sows were moved to farrowing crates. Newly born piglets were weighed about 48 h
after farrowing. Litter size at birth per sow and mortality were recorded. Piglets were weaned at
an average of 21 d of age.
A total of 128 weaning piglets were selected for the nursery growth performance trial.
Each half of the piglets came from sows that received either the control or the LY supplemented
diets during gestation and lactation. Piglets from each sow group were randomly assigned to two
dietary treatments (Control and LY) based on their litter, age and weaning weight at 4 pigs per
pen and 8 replicate pens per treatment. There were 4 pens of gilts and 4 pens of barrows. Pigs
from the same litter were assigned to different pens for proper randomization. Pigs were fed
experimental diets for 6 wk in 2 feeding phases (d 0 – 21 and 21 – 42). On d 21 and 42, pigs
were weighed individually. Feed disappearance and G:F were measured for phases 1 and 2. At
the end of the growth trial, 32 barrows (2 per pen) were selected for a digestibility trial using
marked feed as described by Adeola (2001). Pigs were moved to stainless steel metabolism
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crates. Pigs were adapted to the crates for 4 d followed by a 3-d collection of feces. Pigs were fed
their daily ration at 4% of average initial BW within each replicate. Pigs were fed their daily
ration in two equal installments at 0700 and 1700h. Ferric oxide and chromic oxide were used as
markers to determine the initiation and termination of fecal collection. All the feces were stored
at -20 °C and pooled within each pig until further analysis.

5.3.2. Dietary treatments
Two dietary treatments were used in the gestation and lactation periods for the sows. A
control diet and a LY (Saccharomyces cerevisiae, 2×107 CFU/kg, Vista Cell®, AB Vista, UK)
supplemented diet at 0.5 g/kg during gestation and 1 g/kg during lactation. The composition of
the control diet for the gestation and lactation diets are presented in Table 5-1. For growth
performance and digestibility trials, a control diet which met the nutrient requirements of pigs for
each growth phase (NRC, 2012) was used, and LY was supplemented to piglets diet at 1 g/kg.
The control diet compositions for each phase were presented in Table 5-2.

5.3.3. Chemical analyses
Fecal samples were pooled and oven-dried at 55°C to a constant weight. Diets and fecal
samples were ground and dried at 105°C in a drying oven (Precision Scientific Co., Chicago, IL)
for 24 h to determine the DM content (method 934.01; AOAC, 2006). Gross energy was
determined on a bomb calorimeter (Parr 1261 bomb calorimeter, Parr Instruments Co., Moline,
IL, USA). To determine P and Ca concentration, diets and fecal samples were ashed in a muffle
furnace at 600°C for 16 h, and the ash sample were digested in 20 ml 4N HCL and 5 drops of

165
concentrated nitric acid for about 7 min on a hot plate, and the digested samples were moved into
250 ml volumetric flasks. Phosphorus concentrations were measured by spectrophotometric
reading of absorbance at 620 nm using the method described by Zhai and Adeola (2013).
Concentration of Ca in the supernatant was determined using flame atomic absorption
spectrometry (Varian FS240 AA Varian Inc., Palo Alto, CA, USA). Nitrogen content was
determined with the combustion method on a model FP-2000 nitrogen analyzer (Leco Corp., St.
Joseph, MI).

5.3.4. Calculation and statistical analysis
The ATTD (%) of GE and nutrient were calculated using the following equations
described by Adeola (2001):
ATTD = 100 × (Ni – Nf)/ Ni,
in which Ni represents the dietary GE and nutrients intake (g/d), Nf is the fecal GE and
nutrients output (g/d).
For litter birth weight, weaning weight, litter size and preweaning mortality, litter was the
experimental unit, and data were analyzed using a paired t-test. For growth performance and
digestibility data, pen or individual pig was the experimental unit. Data were analyzed using
MIXED procedures of SAS (SAS Inst. Inc., Cary NC) for a split-plot arrangement with sow diet
as the whole plot and nursery diet as split plot. An α level of 0.05 was considered significant.
Means were separated using PDIFF option of SAS (2006).
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5.4. Results
Litter size at birth, litter weight at birth, weaning weight and preweaning mortality were
not different between control and LY (Table 5-3). Body weight was higher at d 21 and 42
postweaning with LY supplementation during gestation and lactation compared to the control
(Table 5-4, P < 0.05). Supplementation with LY in the nursery diet tended (P = 0.07) to increase
BW. For phase 1 (d 0-21 after weaning), ADG was higher in piglets from sows supplemented
with LY compared to the control whereas there was no effect of sow treatment on ADFI and G:F
(Table 5-4). Supplementation with LY during the nursery phase increased ADFI (P = 0.02) in
this phase. For phase 2, piglets from sows that received LY and also received LY had higher G:F
compared with other groups (P < 0.01). However, the overall ADG was higher (P <0.05) in
piglets from sows that were supplemented with LY compared with those from control sows.
Furthermore, LY supplementation in the nursery phase increased ATTD of DM, GE and P (P <
0.01, Table 5-5), and ATTD of GE was higher in piglets from sows fed LY during gestation and
lactation (P =0.01).

5.5. Discussion
The gestation, lactation and the first 2 wk post-weaning are critical for pig growth
performance and pork production (Wu et al., 2014). Intrauterine growth restriction and failure of
piglets to thrive is commonly seen in piglets from sows with large litter size (Swanson and
David, 2015). The effect of exposure to any negative environment during gestation and lactation
in sows is often reflected in impaired growth performance of their offspring (Ji et al., 2016).
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Live yeast is considered a probiotic that can colonize the gastric intestinal tract of
animals. This colonization can inhibit the growth of pathogenic bacteria (Shurson, 2018).
Although it has been previously reported that LY supplementation of gestation diets could lead
to increases in the number of piglets born alive and reduction in preweaning mortality (Mariella
et al., 2009), LY had no effects on litter size, preweaning mortality, birth weight, weaning weight
and preweaning daily gain in this study. This is consistent with the finding of Jang et al. (2013)
who found that LY supplementation at 106 and 107 CFU/kg diet during gestation and lactation
had no effect on litter size, number of live birth, litter weight at birth and weaning. In contrast,
positive effects of yeast culture have been reported by Kim et al. (2008) on preweaning weight
gain. It has also been reported that LY could increase total milk solids and crude protein
concentrations (Jurgens et al., 1997). However, others (Lindemann et al., 2010; Jang et al.,
2013), reported that there was no effect of LY on milk composition and milk production.
Although milk composition and production were not determined in this study, we speculate that
the lack of treatment effect on weaning weight and preweaning daily gain is suggestive of a lack
of treatment effect on milk composition and production.
Supplementation of diets with LY during gestation and lactation increased postweaning
BW 21 and 42 d after weaning by 4.4% and 3.5%, respectively. The ADG from weaning to 21
and 42 d postweaning was increased by LY supplementation in the gestation and lactation diets,
although there was no effect on postweaning feed intake. This is similar to the report by Jurgens
et al. (1997) that supplementation with active dry yeast during gestation, lactation and nursery
phases increased ADG from weaning to 28 d compared to control without LY supplementation.
However, this study was different from the work done by Jurgens et al. (1997) because they
could not separate the effect of yeast supplementation during the nursery phase from the
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gestation/lactation phases as was done in this study. To our knowledge, this research is the first
to determine the carryover effect of LY from gestation and lactation on nursery phase growth
performance. It is possible that the effect of maternal LY supplementation on growth
performance of offspring was mediated through promotion of growth of beneficial bacteria and
resistance to local infection (Bontempo et al., 2006; Chaucheyras-Durand and Durand, 2010).
Studies in humans found that microbes that are stimulated by probiotic supplementation during
pregnancy could be transferred to the neonatal gastriointestinal tract (Sanz, 2011). A recent study
(Hasan et al., 2018) reported that yeast supplementation to sows during gestation and lactation
could increase the relative abundance of beneficial and fermentative bacteria (Roseburia,
Paraprevotella, Eubacterium) and suppress pathogens such as Proteobacteria in sows. With
yeast supplementation, the fecal microbiome in piglets at 1 wk age was more diverse with more
beneficial microbial population and less opportunistic pathogens. Thus, the positive effects of
live yeast supplementation during gestation and lactation on growth performance of pigs after
weaning in the current study could likely be due to the beneficial effects of maternal gut
microbiota that was transferred to the offspring.
The BW at d 21 was not affected by LY supplementation during nursery phase, but a
higher BW and ADG with dietary LY supplementation was observed at d 42 postweaning.
Studies have reported that LY or yeast culture supplementation to weanling pigs increased
growth performance (Mathew et al., 1998; van Heugten et al., 2003; van der Peet-Schwering et al.,
2007; Shen et al., 2009). However, others reported a lack of effect of LY on growth (Jurgens 1995;
Kornegay et al., 1995). The exact mechanism of positive effects of LY on growth performance is still
unclear. Possible reasons could be the effects of LY on feed intake, enzyme secretion and bacteria
balance (Shen et al., 2009; Chaucheyras-Durand and Durand, 2010). In agreement with this
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possibility, LY supplementation increased feed intake from weaning to 21 d postweaning. A
similar result of a positive effect of LY or yeast culture on feed intake was reported by Mathew
et al. (1998) and Shen et al. (2009). However, some studies also reported a lack of effect of LY
on feed intake (Kornegay et al., 1995; van der Peet-Schwering et al., 2007). Another possibility is
the immaturity of the gut microbiome within the first 21 d postweaning and the more mature GIT at
42 d postweaning (Kim et al., 2012; Holman and Chénier, 2014). It has been reported that LY
increased neutral detergent fiber digestion in dogs and cows by increasing the fibrolytic bacteria and
fungi colonization in the GIT (Chaucheyras-Durand et al., 2016; Stercova et al., 2016). In a recent
study in pigs, Kiros et al. (2018) found that oral gavage of LY during the preweaning period and LY
supplementation during the post weaning period could improve pig health by promoting beneficial
bacteria abundance. However, there was no effect on growth performance at d 28 postweaning when
LY was provided only during the post weaning period. They suggested that yeast supplementation
during the post weaning period might have happened too late to affect growth performance.

The observed increased ATTD of DM, GE and P with LY supplementation during the
nursery phase is consistent with the findings of Shen et al. (2009) and Liu et al. (2018). It has
been reported that LY supplementation could increase cellulolytic microbiome counts in
ruminants (Newbold et al., 1995), and increase the digestion of fiber in horses and piglets
(Jouany et al., 2008; Lizardo et al., 2012). Thus, the increased digestibility of DM and GE with
LY supplementation could likely be due to increased digestibility of fiber in this study.
Breakdown of dietary fiber will release nutrients such as P which are bound to fiber components
(Larsen and Sandström, 1993). The released nutrients can then be used by the host and the
microbes in the large intestine. It has also been suggested previously that fermentation of dietary
fiber may affect the intestinal availability of P in pigs (Metzler and Mosenthin, 2008). Similar
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result of increased P digestibility was also reported in broilers fed with yeast culture (Gao et al.,
2008). The possible reason could be that live yeast might increase phytase activity. Kornegay et
al. (1995) reported a 1440 U of phytase activity in yeast culture. In addition, the inorganic source
of P was removed during nursery phase 2 in the current study. Therefore, the increased P
digestibility by LY supplementation could be through increased use of organic P by phytase
which could be coming from either the LY or increased endogenous microbial phytase in the
large intestine. However, further studies need to confirm that.
In conclusion, the current study indicates that LY supplementation during gestation and
lactation increased the growth performance of piglets after weaning. LY supplementation during
the nursery phase increased ATTD of DM, GE and P. The beneficial effects of LY
supplementation during gestation, lactation and nursery phases on growth performance and
nutrient digestibility could likely be due to enhanced gut microbial diversity. However, further
research is needed to confirm this assumption.
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Table 5-1: Ingredient composition of comtrol sow gestation and lactation diets
Gestation

Lactation

Ingredient, g/kg
Corn
707.4
589.3
Soybean meal
141.0
280.0
Corn DDGS
100.0
50.0
Plasma
0.0
5.0
Swine grease
10.0
30.0
Limestone
14.4
13.9
Monocalcium phosphate
10.7
15.3
Vitamin premix2
2.5
2.5
3
Sow vitamin premix
2.5
2.5
4
Mineral premix
1.3
1.3
5
Selenium premix
0.5
0.5
6
Phytase premix
1.0
1.0
Salt
5.0
5.0
®
7
Availa Zn 120
0.4
0.4
8
Clarifly
3.3
3.3
1000
1000
Total
Calculated composition
3270
3287
ME, kcal/kg
152
153
CP, g/kg
8.0
8.0
Ca, g/kg
5.7
5.7
Total P, g/kg
3.4
3.4
STTD P, g/kg
1
Live yeast was added to the control diets as a replacement for corn in a premix to supply 0.5
g/kg and 1 g/kg for gestation and lactation, respectively.
2
Vitamin premix supplied per kilogram of diet: 3,635 IU vitamin A, 363 IU vitamin D3, 26.4 IU
vitamin E, 3.6 mg vitamin K, 1,206 μg menadione, 21.2 μg vitamin B12, 4.2 mg riboflavin, 13.5
mg d-pantothenic acid, and 19.5 mg niacin.
3
Sow vitamin premix®, Provimi, OH, USA.
4
Mineral premix supplied per kilogram diet: 9 mg Cu (as copper sulfate),0.34 mg I (as Ca
iodate), 97 mg Fe (as ferrous sulfate), Fe (as ferrous sulfate), 12 mg Fe (as ferrous sulfate), and
97 mg Zn (as zinc oxide)
5
Supplied 300 μg of Se per kg of diet
6
Phytase (Quantum Blue®, AB Vista, UK) premix was added at 1 g/kg to supply 500 FTU/kg
phytase.
7
Availa® Zn 120, Zinpro, MN, USA.
8
ClariFly® Larvicide 0.67%, Wellmark International Ltd. MN, USA.
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Table 5-2: Ingredient composition of control nursery diets in phases 1 and 2
Ingredient, g/kg
Corn
Soybean meal
Corn DDGS
Oat groats
Soycomil®-P2
Fish meal
Whey
Soybean oil
Monocalcium phosphate
Limestone
Salt
L-Lysine
DL-Methionine
L-Threonine
L-Tryptophan
ZnO
CuSO4
Vitamin premix3
Mineral premix4
Selenium premix5

Phase 1
368.7
150.0
0.0
125.0
82.5
35.0
200.0
8.0
3.5
9.6
2.5
3.4
1.7
0.9
0.0
3.5
1.0
2.5
1.5

Phase 2
514.6
257.5
150.0
0.0
0.0
0.0
25.0
24.0
0.0
11.3
4.5
4.5
0.9
0.9
0.0
1.5
0.5
2.5
1.5

0.5
0.5
0.3
0.3
Ethoxiquin (Quinguard)
1000
1000
Total
1
Live yeast was added to control diets as a replacement for corn in a premix to supply 1 g/kg
2
Soycomil®-P, ADM, IL, USA.
3
Vitamin premix supplied per kilogram of diet: 3,635 IU vitamin A, 363 IU vitamin D3, 26.4 IU
vitamin E, 3.6 mg vitamin K, 1,206 μg menadione, 21.2 μg vitamin B12, 4.2 mg riboflavin, 13.5 mg
d-pantothenic acid, and 19.5 mg niacin.
4
Mineral premix supplied per kilogram diet: 9 mg Cu (as copper sulfate),0.34 mg I (as Ca iodate),
97 mg Fe (as ferrous sulfate), Fe (as ferrous sulfate), 12 mg Fe (as ferrous sulfate), and 97 mg Zn (as
zinc oxide)
5
Supplied 300 μg of Se per kg of diet
6
Quinguard®, Novas, MO, USA.
6
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Table 5-3: Effect of live yeast supplementation in sow diets on preweaning growth of piglets
Control
LY
SD
P-value
Birth wt, kg
1.69
1.72
0.32
0.82
Weaning wt, kg
5.64
5.84
1.1
0.73
ADG, g
202
203
7.7
0.94
Litter size at birth
11.5
12.7
3
0.19
Preweaning mortality
1.89
2.18
2.2
0.73
n=18 and 17 for sows receiving control and live yeast, respectively. LY: Live yeast.
ADG: average daily gain.
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Table 5-4: Effect of live yeast supplementation on growth performance of piglets after weaning

Sow diet
Control
LY
P – value
1
2
Nursery diet
Control
LY
Control
LY
SEM
SEM
Sow diet
Nursery diet
BW d0, kg
6.4
6.4
6.4
6.4
0.26
0.28
0.52
0.87
BW d21, kg
11.2
12.0
12.2
12.1
0.22
0.57
0.04
0.23
BW d42, kg
21.7
22.4
22.6
23.0
0.30
0.82
0.02
0.07
Phase 1
ADG, g
229
266
276
273
8.92
16.87
0.02
0.19
ADFI, g
356
391
385
410
10.86
23.20
0.09
0.03
G:F, g/kg
643
680
721
671
10.43
23.09
0.16
0.52
Phase 2
ADG, g
501
493
497
521
7.12
15.74
0.30
0.14
ADFI, g
866
874
900
851
14.02
35.70
0.74
0.39
G:F, g/kg
580b
565b
554b
619a
7.97
16.10
0.27
0.02
Overall
ADG, g
365
380
386
397
6.39
14.13
0.01
0.04
ADFI, g
611
632
642
631
11.20
27.31
0.25
0.47
G:F, g/kg
598
600
604
634
6.09
11.23
0.06
0.11
Data are means of 8 replicate pens with 4 pigs per pen, means are different with different superscript (P < 0.05). LY: Live yeast,
ADG: average daily gain, ADFI: average daily feed intake, G:F: gain to feed ratio.
1

Standard error of the mean for the whole plot (sow diet)

2

Standard error of the mean for the split plot (nursery diet)
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Table 5-5: Effect of LY supplementation on apparent total tract of nutrient and energy digestibility of piglets.
Sow Diet
Control
LY
P-value
1
2
Control
LY
Control
LY
SEM
SEM
Sow diet
Nursery diet
Nursery Diet
(%)
DM
84.9
85.9
85.3
86.5
0.26
0.11
<0.001
0.20
GE
83.2
84.4
84.1
85.3
0.32
0.01
<0.001
0.28
N
84.6
85.1
85.1
86.0
0.46
0.13
0.12
0.18
P
41.4
47.3
44.2
49.9
1.46
0.08
<0.001
0.54
Ca
70.0
73.2
71.0
72.3
2.37
0.99
0.35
1.19
Data are means of 8 pigs per treatment, P < 0.05 were considered statistical significant. LY: Live yeast, DM: dry matter, GE: gross
energy, N: nitrogen, P: phosphorus, Ca: calcium.
1

Standard error of the mean for the whole plot (sow diet)

2

Standard error of the mean for the split plot (nursery diet)
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CHAPTER 6. EFFECT OF SUPER DOSING PHYTASE ON GROWTH
PERFORMANCE, NUTRIENT DIGESTIBILITY AND PLASMA
INOSITOL OF WEANLING PIGS

6.1. Abstract
The objective of this current study was to determine the effects super dosing phytase on
growth performance, nutrient digestibility and serum inositol phosphates of weanling pigs. A
total of 160 barrows were used in a randomized completely block design for a 7 wk study. Pigs
were assigned to four treatments based on their initial body weight, the four treatments were a
positive control diet (PC); negative control diet (NC); NC+500 FTU/kg phytase and NC+2000
FTU/kg phytase. Pigs were weighted every week and feed intake was recorded to calculate feed
efficiency. On d 47, feeders were closed overnight, and blood samples were collected to measure
fasting blood inositol concentration. On d 49, two pigs per pen were euthanized to determine fed
blood and portal vein blood inositol concentration, duodenum and ileal inositol concentration.
Phytase supplementation increased the BW on d 21, 35 and 49 (P <0.05). ADG, ADFI and feed
efficiency were increased by 2000 FTU/kg phytase (P <0.05). Fed blood plasma inositol
concentration was higher in the 2000 FTU/kg phytase (P < 0.01) group with a tendency of higher
fasting blood plasma inositol concentration (P = 0.06). However, the inositol concentration in
portal vein blood was not different among treatments. Duodenal digesta InsP5 and InsPP6 were
higher in PC and NC, in contrast, phytase supplementation increased InsP2 and myo-inositol
concentration (P < 0.01). Similarly, phytase supplementation decreased InsP6, InsP5
concentration in ileal digesta and increased InsP2 and myo-inositol concentration (P < 0.01).
InsP6 disappearance was higher (P < 0.01) with phytase supplementation and total InsPs
disappearance was greater with phytase supplementation. Compared with NC, phytase
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supplementation had higher total InsPs disappearance (93.6% vs. 72.8% vs. 25.0%, for the 2000
FTU/kg, 500 FTU/kg and NC, respectively, P < 0.01). Longissimus dorsi muscle plasma
membrane GLUT4 concentration was increased by 2000 FTU/kg phytase (P < 0.01). In
conclusion, super dosed level of phytase increased growth performance of nursery pigs, perhaps
through mechanisms that may include its effects in increasing the concentration of GLUT4 on
muscle plasma membrane to enhance glucose uptake and utilization.
Key words: Phytase, Nursery pigs, Inositol, Growth performance
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6.2. Introduction
Plant seeds store phosphorus mainly in the form of phytic acid (Kumar et al., 2012).
Phytic acid is a major antinutrient in monogastric animals because of low or no phytase activity
in the gastric intestinal tract. Phytic acid can bind to minerals and form phytate which will reduce
the digestibility of bound cations including calcium (Ca) and Zinc (Zn) as well as decreasing
phytate phosphorus availability to animals (Woyengo et al., 2009; Woyengo and Nyachoti,
2013). Phytate also binds to other proteins and enzymes such as trypsin and α-amylase and
inhibit their activities and consequently reduces protein digestibility (Singh and Krikorian, 1982;
Deshpande and Cheryan, 1984); this ultimately reduces the growth performance of animals. The
undigested phosphorus in phytate is also released to the environment contributing to excessive
release of P to the environment which may lead to eutrophication.
Microbial phytase has been widely used in animal production to improve the growth
performance of animals and reduce feed costs by reducing inorganic phosphorus use. Currently,
phytase is mostly added at 500 FTU/kg to pig diets as the standard inclusion rate. It has been
reported that 500 FTU/kg phytase is equal to 0.3-1.7 g/kg inorganic P (Augspurger et al., 2003).
It has been shown that 2000 FTU/kg phytase could cause an additional increase in growth
performance of pigs beyond the expected growth increase from just releasing adequate P to
support growth (Santos et al., 2014). Zeng et al. (2016) reported that phytase up to 20,000
FTU/kg could increase digestibility of crude protein and AA. However, the mechanism of the
extra phosphoric effect of super dosed phytase is still unclear. One possible reason is that
complete cleavage of phytate by super dosed phytase releases myo-inositol, which is known to
have insulin-like effects. Insulin is known to stimulate glucose uptake by increasing the
translocation of intracellular glucose transporter type 4 (GLUT4) vesicles into the plasma
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membrane of myocytes (Kahh, 1996), and it is suggested that glucose transport is the rate
limiting step in muscle glycogen synthesis (Richter and Hargreaves, 2013). Thus, by promoting
glucose utilization in muscle, and perhaps other tissues, phytase could be contributing to
increased animal growth, through a mechanism that is apart from its effect in increasing P
availability. Therefore, the objective of current study was to determine the effect of super dose of
phytase on growth performance, mineral and phytate digestibility, plasma metabolites and
muscle plasma membrane of GLUT4 concentration.

6.3. Material and methods

6.3.1. Animals
All animal procedures were approved by the Purdue Animal Care and Use Committee. A
total of 160 weanling barrows (initial body weight 5.6 ± 0.5 kg) were used in a randomized
complete block design based on initial body weight, pigs were allocated to treatment on the day
they were weaned with 4 pigs per pen and 10 replicate pens per treatment. Pigs were fed in a
three-phase feeding program post weaning; Phase 1 (d 0-21), phase 2 (d 21-35) and phase 3 (d
35-49).

6.3.2. Dietary treatments
During phase 1, pigs in the positive control (PC) and negative control (NC) treatments
were fed with a common control diet which met their nutrient requirements to ensure sufficient
phosphorus build up during this period. The two enzyme groups were supplemented with 500
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and 2000 FTU/kg phytase on top of this control diet. At the end of phase 1, half of the pigs fed
with control diet during phase 1 were assigned to PC with sufficient phosphorus concentration
that met the nutrient requirement of weanling pigs (NRC, 2012) for phases 2 and 3 and the other
half were given the NC diet which contained reduced standardized total tract digestible (STTD)
Ca (-1.6 g/kg) and P (-1.4 g/kg) compared with the PC. Two levels of phytase (500 FTU and
2000 FTU) were added to the NC diet to make diets 3 and 4, respectively. TiO2 was added at
0.5% to phase 3 diets to determine apparent ileal digestibility of calcium, phosphorus and
disappearance of inositol phosphate (InsP)6 and total InsPs. The diet formulation is presented in
Table 6-1.

6.3.3. Experiment procedure and sample collection
Pigs were weighed every week; feed intake were recorded and feed efficiency was
calculated based on the ratio of ADG and ADFI (G:F). On d 47, feeders were closed for about 12
h in the evening, and fasting blood samples were collected via jugular vein from two pigs per pen
on d 48. On d 49, the same two pigs from each pen were injected with 0.5 mL of Telazol (Zoetis
Inc. MI USA, reconstituted with 5 mL of xylazine (RXV Inc. CA USA)) to provide 0.2 mg
tiletamine base, 0.2 mg zolazepam base and 0.2 mg mannitol per kg BW of pig to induce
anesthesia and euthanized with CO2 asphyxiation. Blood samples from the portal vein and
jugular vein were collected in a vacutainer tube containing lithium heparin (BD Inc. NJ USA).
Tubes were shaken slightly to mix thoroughly with the anticoagulant and immediately put on ice.
Duodenal and ileal digesta were collected and pooled from two pigs per pen. Longissimus dorsi
muscle tissue was collected from each pig and immediately frozen in liquid nitrogen.
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6.3.4. Phosphorus, calcium and inositol phosphates determination
Ileal digesta was freeze dried, and ground to pass through a 0.5-mm screen before
analysis. Subsamples of ileal digesta and diets were sent to the University of Missouri (MO, US)
for determination of titanium concentration. Phosphorus concentration was determined by
digesting the samples in concentrated nitric acid and 70% perchloric acid and measured the
absorption at 620 nm using a spectrophotometer (SpectraCount, model AS1000; Packard,
Meriden, CT; AOAC, 2006) as described by Zhai and Adeola (2013). Calcium concentration was
determined using an atomic absorption spectrometer (AAnalyst 300; PerkinElmer, Norwalk,
CT). Duodenal and ileal digesta samples were sent to the University of East Anglia (Norwich,
UK) for analysis of inositol phosphates. Apparent ileal digestibility (AID) of phosphorus,
calcium, InsP6 and total InsPs were calculated using following equation:
AID, % = [1-(Tii / Tio) x (Yo / Yi)] x 100;
Where Tii and Tio are the titanium concentration of diet and ileal digesta, respectively
(mg/kg of DM); and Yo and Yi are the concentrations of phosphorus, calcium, InsP6 or total
InsPs in the ileal digesta and diet, respectively (nmol/g DM).
The formation of InsP5, InsP4, InsP3, InsP2 and myo-inositol (nmol/g DM) were
calculated using following equation described by Kemme et al. (2006)
Formation, nmol/g = -[1-(Tii / Tio) x (Yo / Yi)] x Yi ;
Tii and Tio are the titanium concentrations of the diet and ileal digesta, respectively
(mg/kg of DM); and Yo and Yi are the concentrations of InsP5, InsP4, InsP3, InsP2 or myoinositol in the ileal digesta and diet, respectively (nmol/g DM).
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6.3.5. Plasma sample preparation metabolites and inositol concentration
Blood samples were centrifuged at 2000 × g for 15 min at 4 °C and the supernatant was
transferred to a new tube and stored at -80 °C before analysis. Plasma glucose concentrations
were determined using the Autokit glucose kit (Wako Pure Chemical Industries Ltd., Chuo-Ku
Osaka, Japan) following the manufacturer’s protocol. Non-esterified fatty acid (NEFA)
concentrations were determined using a NEFA kit from the same manufacturer. Plasma insulin
concentration was determined using the porcine insulin ELISA kit following the manufacturer’s
protocol (Mercodia, Uppsala, Sweden). Plasma triglyceride was determined with the triglyceride
determination kit (Sigma Aldrich, St Louis, MO). For analysis of serum inositol, frozen plasma
samples were first thawed, then 1N perchloric acid was added (2 volume of perchloric acid to 1
volume of plasma). Samples were incubated at 4 °C for 30 min before centrifugation at 17,500 ×
g for 10 min. The supernatant was transferred to a new tube and sent to the University of East
Anglia (Norwich, UK) for inositol analysis.

6.3.6. Determination of muscle plasma membrane GLUT4 concentration and western blot
analysis
Frozen muscle samples were thawed on ice, and 1 g of sample was weighed and put in a
15ml polypropylene tube. To this was added 2 ml of mannitol-HEPES buffer (100 mM mannitol,
10 mM Tris-HEPES, pH 7.4) and homogenized. Homogenized samples were centrifuged at 1,800g
for 10 min at 10 °C, and supernatant was filtered through a 70nm nylon mesh. The infiltrate was
then centrifuged at 45,000g for 45 min at 4 °C to obtain a crude membrane pellet. Then the
membrane pellet was resuspended in 1 ml of mannitol-HEPES buffer to obtain the membrane
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protein solution. Protein concentration in the membrane protein solution was determined with the
bicinchoninic acid (BCA) protein assay kit (Sigma-Aldrich). Membrane GLUT4 concentration
were measured using the porcine glucose transport 4 ELISA kit (MyBioSource, Inc. San Diego,
CA) following the manufacturer’s protocol. Data obtained were standardized by total protein
concentration.
For western blot, muscle samples were homogenized in 1× RIPA buffer [50 mmol/l
Trizma-HCl (pH 7.4), 15 mmol/l NaCl, 0.25% deoxycholic acid, 0.1% Triton X, 10 mmol/l EDTA,
1 mmol/l Na2VO3 and protease inhibitor cocktail] (Sigma-Aldrich). Tissue homogenates were
centrifuged at 10,000g for 10 min at 4°C. Protein concentration in clear homogenates was
determined with the bicinchoninic acid (BCA) protein assay kit (Sigma-Aldrich). Protein samples
were resolved by SDS-PAGE on a 10% acrylamide gel. Proteins were transferred to a 0.2-μmol/l
nitrocellulose membrane by the semidry method (Bio-Rad, Hercules, CA). Membranes were
blocked in 5% BSA in TBS (50 mmol/l Tris–HCl, pH 7.4, 150 mmol/l NaCl). Immunoblotting
was performed using a polyclonal antibody against mouse AKT and phosphorus-AKT (cell
signaling, Beverly, MA) at a dilution of 1:1000. Membranes were stripped and reblotted with
rabbit anti-β-actin antibody (Cell Signaling Technology, Beverly, MA) at a dilution of 1:1000.
Blots were then incubated with IRDye® 800CW secondary antibodies (LI-COR, Lincoln, NE) at a
dilution of 1:2000. Signal was detected and quantified with the imaging software on the Odyssey
CLx machine (LI-COR, Lincoln, NE).
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6.3.7. Statistical analysis
Data were analyzed using the Proc GLM procedure of SAS (SAS Inst. Inc., Cary NC) for
a randomized complete block design with diet as the main effect. Results are reported as least
square means and standard errors of the means. Means were different at P ≤ 0.05. When the diet
effect was significant at P < 0.05, differences between means were compared using the Tukey
test. Superscript designations were used to indicate significant mean differences.

6.4. Results
Analyzed phosphorus concentration in PC and NC was 7.1, 6.4 and 5.2, 5.7 and 4.1 g/kg
for phase 1, 2 and 3 respectively. Body weight was not different between PC and NC on day 21,
35 and 49, 500 FTU/kg phytase had no effect on BW compared with NC. However,
supplementation with 2000 FTU/kg phytase significantly increased the BW (P < 0.01; Table 6-2
and 6-3). Although, phytase at 500 FTU/kg had no effect on ADG, ADFI and G:F in phase 2, 3
and overall, phytase at 2000 FTU/kg significantly increased these parameters (P < 0.05; Table 63). The AID and daily absorption of calcium and phosphorus were increased by 2000 FTU/kg
phytase compared with NC, but not with 500 FTU/kg phytase supplementation. Pigs that
received the PC diet had higher daily Ca and P absorption compared with NC (P < 0.01; Table 64). Fasting blood glucose, triglyceride and insulin concentrations were not different among
treatments (Table 6-5). However, the NEFA concentration was higher in the 500 FTU/kg phytase
diet compared with NC and PC (P < 0.01; Table 6-5). Fed blood plasma inositol concentration
was higher in 2000 FTU/kg phytase (P < 0.01; Table 6-6) with a tendency of higher fasting
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blood plasma inositol concentration (P = 0.06; Table 6-6). However, inositol concentration in the
portal vein blood was not different among treatments (Table 6-6).
Duodenal digesta InsP5 and InsP6 were higher in PC and NC. In contrast, phytase
supplementation increased InsP2 and myo-inositol concentration (P < 0.01; Table 6-7). Similarly,
phytase supplementation decreased InsP6, InsP5 concentration in the ileal digesta and increased
InsP2 and myo-inositol concentration (P < 0.01; Table 6-7). InsP6 disappearance was higher with
phytase supplementation and total InsPs disappearance were 93.6% in 2000 FTU/kg phytase and
72.8% in 500 FTU/kg phytase. Both treatments had higher InsPs disappearance compared with
NC (P < 0.01; Table 6-7). The level of InsP5 in the ileum was higher in the NC and PC
treatments compared with treatments containing phytase (P < 0.001, Table 6-7). The 500 FTU/kg
phytase increased InsP3 and InsP2 abundance in ileal digesta (P < 0.01, Table 6-7). The
formation of myo-inositol in the ileum was increased by the 2000 FTU/kg phytase (P < 0.001,
Table 6-7). Longissimus dorsi muscle plasma membrane GLUT4 concentration was increased by
2000 FTU/kg phytase (P < 0.01; Figure 6-1). However, there was no treatment effect on protein
kinase B (AKT) and phosphorus AKT concentration in muscle (data not shown).

6.5. Discussion
Phytase is typically added to swine diets at 500 FTU/kg feed to release 1-1.2 g/kg
available phosphorus (Wilcock and Walk, 2016), and phytase level >1500 FTU/kg is considered
as super dosed phytase. A deficiency of non-phytate phosphorus will result in reduction in feed
intake, and exogenous phytase is known to increase feed intake in weaner pigs (Kornegay and
Qian, 1996). One of the objectives of this study was to determine the effect of super dosed
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phytase on growth performance of weanling pigs. The increased BW ADG, ADFI and feed
efficiency in pigs on the 2000 FTU/kg phytase diet compared with the NC agrees with other
reported effects of super dosed phytase. The work by Kies et al. (2006) and Zeng et al. (2015)
showed that phytase at15,000 FTU/kg or 20,000 FTU/kg diet increased ADG and feed efficiency
of weanling pigs. In a study done by Nyannor et al. (2007), a linear effect of phytase was found
on ADG and feed efficiency when phytase was added at 16,500; 33,000 and 49,500 FTU/kg.
Probable explanation for the positive effect of 2000 FTU/kg phytase could be related to its
reported effect in increase nutrient digestibility, especially minerals, proteins and amino acids.
Adedokun et al. (2015) reported that phytase increased AID of DM, nitrogen, Ca, P and several
amino acids in cannulated pigs using 4 levels of phytase (0, 500, 1000, and 2000 FYU/kg).
Similar results were also reported by Zeng et al. (2016) that high dose phytase (20,000 FTU/kg)
increased, in addition to Ca and P, the digestibility of other minerals (Na, K, Mg and Zn) and
Nyannor et al. (2007) found that phytase added at 16,500, 33,000 and 49,500 FTU/kg linearly
increased digestibility of DM, GE, Ca and P. In the current study, adding 2000 FTU/kg phytase
to a P-deficient corn-soybean meal based diet increased AID of Ca and P by 16.1 and 35.2%,
respectively, compared to NC. Absorption of Ca and P was also greater in pigs that received
2000 FTU/kg phytase (158% and 148% compared to NC, respectively) with no difference
compared to the PC. This data suggested that phytase supplementation at 2000 FTU/kg could
release the same amount of Ca and P compared to PC.
There was no significant difference between the PC and NC treatments in growth
performance. This could mean P was not sufficiently reduced in the NC diet compared to PC to
have any effect on performance. The standardized total tract digestibility (STTD) of P in the NC
diet was 0.3% and 0.25% for phases 2 and 3, respectively. This was about 0.14% lower

193
compared with the PC treatment. According to NRC (2012), the STTD P requirements for pigs
weighing between 7-11 kg and 11-25 kg were 0.4% and 0.33%, respectively. Alexander et al.
(2008) reported that there was no difference of growth performance of growing pigs with a 20%
reduction in total P compared with a P adequate diet. A recent paper (Santos et al., 2014) also
reported the lack of a difference between PC and NC with a 0.15% reduction in available P in
pigs with initial BW of about 23kg. Therefore, these results suggest that P was not deficient
enough to make a significant difference in growth performance between the PC and NC
treatment groups in the current study. The final BW of pigs on the PC treatment was about 8%
higher compared to the NC diet. The 500 FTU/kg phytase diet numerically increased the final
BW by about 2 kg, bringing it close to that of the PC group (23.1 and 23.4 kg for PC and 500
FTU/kg phytase, respectively). The growth performance of pigs on the PC treatment was not
different from that of pigs on the 500 FTU/kg diet, and both were only numerically higher than
NC. Therefore, it can be speculated that 500 FTU/kg phytase was equivalent to 0.14% of STTDP
in this study. Similar results were also reported by Bento et al. (2012) that 500 FTU/kg phytase
increased 1.5g/kg digestible P.
The daily Ca and P absorption in the PC diet were 60% and 35% higher compared with
the 500 FTU/kg phytase diet, and the 2000 FTU/kg phytase diet had a similar daily Ca and P
absorption compared with the PC diet (6.4 vs 6.3 g/d and 3.5 vs 3.1 g/d for Ca and P,
respectively). However, there was no growth performance difference between the PC and the
500 FTU/kg phytase treatments. Despite having a similar daily Ca and P absorption as the PC
diet, supplementing phytase at 2000 FTU/kg increased ADG and G:F. Thus, it can be speculated
that the positive effect of the 2000 FTU/kg phytase on growth performance was not only from
increased utilization of Ca and P in this treatment.
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Phytase breaks down the phosphate group of phytate and releases P as well as inositol
phosphate. In theory, phytase could break down phytate completely through a step-wise
dephosphorylation reaction (InsP6 → InsP5 → InsP4 → InsP3 → InsP2 → InsP1 → myoinositol + inorganic P). However, in vivo, hydrolysis of phytate is often incomplete, leading to
generation of a mixture of inositol phosphate esters (Humer et al., 2015). The increased
formation of InsP3 and InsP2 at 500 FTU/kg phytase, and higher level of myo-inositol at the
2000 FTU/kg phytase supplementation probably indicated that the super dosed level of phytase
resulted in complete breakdown of phytase compared to supplementation at 500 FTU/kg. These
results indicate that with a low level of phytase activity, InsP3 and InsP2 are intermediate
inositol phosphates and these can be further hydrolyzed by higher phytase concentration. This
result is similar to the work done by Kemme et al. (2006) who found that InsP6 was hydrolyzed
to InsP3 and InsP2 with 900 FTU/kg phytase.
The concentration of InsP6 in the duodenum was about 72 and 91% lower in the 500 and
2000 FTU/kg phytase, respectively, compared to NC. InsP6 concentration in the ileum was 87
and 96% lower in the 500 and 2000 FTU/kg phytase, respectively, compared to NC. The optimal
pH for E. coli phytase is around 4.5 (Igbasan et al., 2000) and the activity of mucosa phytase in
pigs is very low (Jongbloed et al., 1992; Schlemmer et al. 2001). This indicates that, as expected,
the stomach is the main site for InsP6 hydrolysis by the Quantum Blue® phytase used in this
study. The InsP6 disappearance rate in the ileal digesta was 97.9% with 2000 FTU/kg phytase
similar to previously reported estimate in broilers in which 2,500 FTU/kg phytase resulted in
92% InsP6 hydrolysis (Zeller et al., 2015).
The ileal myo-inositol concentration was higher in the 2000 FTU/kg phytase treatment
compared to NC (10 times higher), and the fed plasma myo-inositol concentration was also
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higher in the 2000 FTU/kg phytase treatment. A study done by Cowieson et al. (2017) reported
an immediate increase of plasma myo-inositol concentration after oral ingestion of myo-inositol,
and 3000 FTU/kg phytase significantly increased plasma myo-inositol 6 h after feed intake.
Therefore, the increased myo-inositol concentration in the fed status by 2000 FTU/kg was likely
due to the released myo-inositol by phytase. However, phytase had no effects on myo-inositol
concentration in the portal vein blood in current study, perhaps indicating a saturation of the
transporter for inositol (Na+ dependent transporter SMIT2, Sasseville et al., 2014) at the 2000
FTU/kg treatment, preventing a significant increase in the portal plasma myo-inositol at this
phytase level. Insulin is a hormone that activates insulin signaling, which phosphorylates PIP2 to
PIP3, and PIP3 then activates AKT by phosphorylating PDK1 and induces translocation of
GLUT4 to cell membranes. myo-inositol is mainly used for synthesis of PIP3 (Huber, 2016).
Therefore, it is speculated that myo-inositol may have insulin-like effects. Myo-inositol
supplementation reduces fasting blood glucose level in humans with type 2 diabetes (Pintaudi et
al., 2016). However, there was no treatment effect on fasting blood glucose and insulin
concentrations in this study. Blood glucose concentration (data not shown) was not different in
the current study suggesting that glucose level was not affected by phytase. In addition, treatment
had no effect on the level of p-AKT. However, GLUT4 concentration in muscle plasma
membranes was increased by 2000 FTU/kg phytase. Chukwuma et al. (2016) reported that myoinositol could promote muscle glucose uptake. Therefore, although phytase did not affect serum
glucose and insulin levels, it might affect certain aspects of insulin signaling such as an increase
in membrane GLUT4 concentration, and this effect has a potential to increase muscle tissue
glucose availability to support tissue growth.
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We conclude that super dosed phytase (2000 FTU/kg) could improve growth
performance of weanling pigs and caused an almost complete hydrolysis of phytate (97.8%). The
myo-inositol released may explain some of the super dosing effect of 2000 FTU/kg phytase.
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Table 6-1: Ingredient composition and analyzed nutrient composition of PC and NC diets
Phase 1
PC

Phase 2
PC

NC

Phase 3
PC

NC

Ingredient, g/kg
Corn
380.25
458.9
472.8
441.9
456.3
Soybean Meal
250
300
300
300
300
Soy protein concentrate
88
58.5
58.5
58.5
58.5
Whey, dried
180
100
100
100
100
Lactose
30
51
51
51
51
Fish meal
40
0
0
0
0
Soybean oil
12
9
3.5
9
3.4
Limestone
7.5
8.75
7.6
9
8.2
Monocalcium Phosphate
6.5
11.25
4
9
1
L-lysine-HCl
0
1
1
1
1
DL Met
0.6
0.6
0.6
0.6
0.6
TiO2 premix, 1
0
0
0
15
15
Salt
1
1
1
1
1
ZnO
0.15
0
0
0
0
2
Vitamin premix,
2.5
2.5
2.5
2.5
2.5
3
Mineral premix,
1.5
1.5
1.5
1.5
1.5
Total
1000
1000
1000
1000
1000
Calculated composition
ME (kcal/kg)
3415
3354
3354
3310
3311
CP, g/kg
254
231
232
230
231
Ca, g/kg
8.0
7.1
5.5
6.8
5.2
Total P, g/kg
7.3
6.8
5.4
6.3
4.7
STTD P, g/kg
4.8
4.4
3.0
3.9
2.5
Analyzed composition
CP, g/kg
248
225
228
231
229
Ca, g/kg
8.2
7.3
5.7
7.5
5.1
Total P, g/kg
7.1
6.4
5.2
5.7
4.1
1
TiO2 premix were added at 15 g/kg to make it 0.3% at phase 3.
2
Vitamin premix supplied per kilogram of diet: 3,635 IU vitamin A, 363 IU vitamin D3, 26.4 IU
vitamin E, 3.6 mg vitamin K, 1,206 μg menadione, 21.2 μg vitamin B12, 4.2 mg riboflavin, 13.5
mg d-pantothenic acid, and 19.5 mg niacin.
3
Mineral premix supplied per kilogram diet: 9 mg Cu (as copper sulfate),0.34 mg I (as Ca
iodate), 97 mg Fe (as ferrous sulfate), Fe (as ferrous sulfate), 12 mg Fe (as ferrous sulfate), and
97 mg Zn (as zinc oxide).
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Table 6-2: Growth performance of pigs fed experimental diets during phase 1
PC

PC + 500
FTU

PC + 2000
FTU

SD

P -value

BW, kg
Day 0
5.6
5.6
5.6
0.08
0.99
b
ab
a
Day 21
8.2
8.8
9.5
0.81
< 0.01
Phase 1
ADG, g/d
120b
148ab
186a
39.8
< 0.01
b
ab
a
ADFI, g/d
234
244
281
40.3
0.02
b
ab
a
G:F, g/kg
504
600
650
100.9
< 0.01
1
Values are means of 10 replicate pens per treatment, means with different superscript are
different (P < 0.05). PC: positive control, BW: body weight, ADG: average daily gain, ADFI:
average daily feed intake, G:F: gain to feed ratio.
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Table 6-3: Growth performance of pigs fed experimental diets

BW, kg
Day 21
Day 35
Day 49
Phase 2
ADG, g/d
ADFI, g/d
G:F, g/kg
Phase 3
ADG, g/d
ADFI, g/d
G:F, g/kg
Overall
ADG, g/d
ADFI, g/d
G:F, g/kg
1

NC + 500

NC + 2000

FTU

FTU

8.2b
13.7b
21.4b

8.8ab
14.4ab
23.4ab

388b
711b
542

PC

NC

SEM

P -value

8.2b
14.1b
23.1ab

9.5a
16.1a
26.0a

0.26
0.45
0.69

< 0.01
< 0.01
< 0.01

417ab
696b
594

404ab
716b
561

468a
811a
578

18.89
22.52
16.87

0.03
< 0.01
0.18

636a
556b
1163ab 1070b
551ab 521b

637a
1143ab
558ab

708a
1235a
574a

21.01
29.96
11.83

< 0.01
< 0.01
0.02

352b
628b
559ab

361b
636b
565ab

416a
705a
588a

14.09
17.43
12.36

< 0.01
< 0.01
< 0.01

321b
612b
522b

Values are means of 10 replicate pens per treatment, means with different superscript are
different (P < 0.05). PC: positive control, NC: negative control, BW: body weight, ADG:
average daily gain, ADFI: average daily feed intake, G:F: gain to feed ratio.
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Table 6-4: Ca and P digestibility and absorption at the end of phase 3

Ca digestibility, %
P digestibility, %
Ca absorption, g/d
P absorption, g/d

PC

NC

NC + 500
FTU

NC + 2000
FTU

SEM

P -value

76.6ab
55.3ab
6.4a
3.5a

70.3b
45.4c
4.0b
2.1c

69.6b
54.9ab
4.0b
2.6bc

81.6a
61.4a
6.3a
3.1ab

2.70
2.54
0.23
0.16

< 0.01
< 0.01
< 0.01
< 0.01

Values are means of 10 replicate pens per treatment, means with different superscripts are different (P < 0.05). The absorption of Ca
and P was calculated by multiple digestibility of Ca and P with average daily feed intake. Ca: Calcium, P: Phosphorus.
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Table 6-5: Plasma metabolites concentrations at the end of phase 3
NC + 500
NC + 2000
SEM
P -value
FTU
FTU
100.1
97.3
89.5
92.7
3.81
0.21
Glucose,mg/dL
0.24
0.29
0.26
0.28
0.02
0.32
TG,mg/ml
b
b
a
ab
0.51
0.59
0.78
0.68
0.06
0.02
NEFA,mmol/L
0.023
0.021
0.025
0.023
0.002
0.55
Insulin,ug/L
Data are means of 10 replicate pens with 2 pigs per pen in each treatment, means with different superscripts are different (P < 0.05).
PC

NC

TG: Triglycerol, NEFA: Non-esterified fatty acid.
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Table 6-6: Inositol concentration in fasting, fed and portal vein blood plasma
NC +
NC + 2000
SD
P - value
500FTU
FTU
Portal blood inositol, nmol/ml
4.17
6.38
4.78
8.53
5.24
0.14
Fasting blood inositol, nmol/ml
25.05
23.00
21.88
37.49
16.32
0.06
b
b
ab
a
Fed blood inositol, nmol/ml
5.87
5.97
6.08
9.71
6.67
0.01
Values are means of each treatment with pigs were fasted overnight at d47, and fasting blood were collected on the following day (d
48, n=20). Fed blood and portal vein were collected on day 49 after slaughter, and (n=20,20,20,19 for PC, NC, 500, and 2000 phytase,
respectively for fed blood), for portal vein (n=18, 16, 20, 17 for PC, NC, 500, and 2000 phytase, respectively.
PC

NC

207
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Table 6-7: Inositol phosphates concentration (nmol/g DM) in duodenal and ileal digesta and disappearance (%) and formation of
different inositol phosphates ileum
PC
NC
NC+500 FTU NC+2000 FTU
SEM
P -value
Duodenum, noml/g DM
InsP2
45.8b
97.1ab
200.9a
247.7a
21.0
<0.0001
ab
b
a
ab
InsP3
313.6
278.9
527.4
317.4
32.1
0.02
InsP4
234.7b
285.2b
970.8a
377.4b
78.9
0.0002
InsP5
1283.4a
1160.3a
579.6a
200.6b
101.1
<0.0001
a
a
b
InsP6
7615.7
7232.7
2014.3
661.8c
657.8
<0.0001
b
b
ab
a
myo-inositol
1186.4
685.9
1472.8
2153.8
178.2
0.0021
Ileum, nmol/g DM
nmol/g DM
InsP2
210.9c
204.2c
2118.6a
1005.3b
162.7
<0.0001
b
b
a
ab
InsP3
369.9
380.3
1535.6
816.3
109.1
<0.0001
InsP4
1239.1b
925.1b
3856.9a
1708.8b
346.6
0.01
a
a
b
b
InsP5
5451.2
4295.5
1013.7
269.6
380.5
<0.0001
a
a
b
b
InsP6
28895.4
29265.0
3685.7
1012.8
2287.5
<0.0001
myo-inositol
1531.7ab
1168.5b
6092.3a
8689.4a
547.9
0.001
Disappearance, %
InsP6
35.7b
25.4b
90.0a
97.9a
3.2
<0.0001
c
c
b
a
Total InsPs
31.5
25.0
72.8
93.6
4.1
<0.0001
Formation, nmol/g DM
-236a
-84a
-1669b
-2175b
408
<0.001
InsP5
b
b
a
b
344
348
1334
324
604
0.001
InsP4
-306b
-233b
197a
-217b
175
<0.01
InsP3
-32c
1c
794a
281b
219
<0.001
InsP2
c
c
b
a
110
159
1856
2636
578
<0.001
myo-inositol
Values are means of 10 replicate pens with digesta mixed with two pigs per pen, means with different superscript are different (P <
0.05). PC: positive control, NC: negative control, InsP: inositol phosphates.
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a

0.25

GLUT4, ng/g

ab
0.20
b

0.15

ab

0.10

0.05
0.00
PC

NC

NC+500 FTU NC+2000 FTU

Figure 6-1: Longitarsal muscle plasma membrane GLUT4 concentration
Data are expressed as nanogram of GLUT4 protein per gram of total protein and are means of 20
samples per treatment, means with different superscript are different (P < 0.05). GLUT4: glucose
transporter type 4.
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CHAPTER 7. SUMMARY

The gestation, lactation and nursery periods are critical periods in the life of a pig in
determining subsequent growth performance (Ji et al., 2017). At weaning, the pig’s GIT is not
well developed with low digestive enzyme activity (Lenoard et al., 2011; Kim et al., 2012a),
resulting in poor utilization of nutrients. In addition, the microbiota is unstable and immature in
the immediate post-weaning period (Pajarillo et al., 2014). In addition, pigs are easily infected by
pathogenic bacteria during weaning transition due to poorly developed immune system (Lalles et
al., 2007). As the pig grows its GIT becomes more mature developmentally and the gut
microbiota becomes more mature and stable (Kim et al., 2012b; Holman and Chénier, 2014). The
experiments described in this dissertation were aimed at investigating effects of maternal
supplementation with live yeast during gestation and lactation, and postweaning xylanase and
life yeast supplementation on growth performance, nutrient digestibility and gut microbial
diversity.
In chapter 2, effect of the timing of xylanase supplementation to weanling pigs fed cornsoybean meal based diets and its effect on growth performance, nutrient digestibility and gut
microbiome was investigated. Results from this experiment showed that xylanase
supplementation corn-soy diets fed to pigs within the first 2 wk of weaning could lead to reduced
growth performance, primarily due to reduction of feed intake. On the other hand, adding
xylanase from 2 wk post-weaning led to improvement in growth performance up to 6 wk after
weaning. Xylanase addition also improved GE, N and phosphorus digestibility 6 wk postweaning, regardless of whether xylanase was added within the first 2 wk of weaning or after.
However, xylanase supplementation and timing of addition had no effect on fecal microbial
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community structure 6 wk post-weaning. The limitation of this study was that nutrient
digestibility at the 2 wk post weaning was not determined, so it was impossible to estimate
xylanase effect on nutrient digestibility. In addition, the diet used in this study was a nutrient
adequate diet which might have limited xylanase effects. Therefore, additional research is needed
to understand the mechanism of reduction of growth performance by xylanase during first 2 wk
postweaning using a nutrient deficient diet. Although the fecal microbial community structure
was not different in this study, the relative abundance of some bacteria genera was influenced by
xylanase supplementation. Future studies are needed to further confirm the identity of these
bacteria genera and determine their function in relation to response to xylanase supplementation.
In chapter 3, the effect of xylanase and live yeast (LY) supplementation on growth
performance and nutrient digestibility of weanling pigs, and the timing of xylanase
supplementation, on future growth performance and gut microbiome diversity of pigs was
determined. Results from this experiment showed that LY supplementation, with or without
xylanase, improved growth performance of weanling pigs in the first 2 wk after weaning. In
addition, LY increased jejunal mucosa GLUT2 mRNA expression, ATTD of N and P. Fecal
VFA concentrations and microbial community structure were significantly influenced by age,
with xylanase and LY supplementation having only a minor effect. More studies are needed to
investigate the relationship of N and P with gut microbiome when LY is supplemented in the
diet. In addition, effects of LY on amino acid utilization during first 2 wk postweaning is needed.
Studies are needed to test xylanase and LY effects when pigs are fed a nutrient deficient diet.
In chapter 4, the study was conducted to determine the effect of xylanase (Econase XT;
XY) and live yeast (Vistacell; LY) supplementation, alone or in combination, during the nursery
and growing-finishing stages, on performance and nutrients digestibility. At d21 there was no
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difference in body weight (BW), average daily gain (ADG), average daily feed intake (ADFI)
and feed efficiency (G:F) between the treatments. Results from this study showed that early
supplementation of a combination of XY and LY resulted in an increased subsequent growth
performance and nutrient digestibility of weanling pigs. Future studies are needed to investigate
whether the increased growth performance and nutrient digestibility by XY and LY is related to
changes in the gut microbiome composition. To determine this, well known prebiotic, probiotic
or symbiotic materials could be used as control to determine whether XY, LY or their
combination affect the microbiome and whether this is linked to effects seen on growth
performance and nutrient digestibility.
In chapter 5, the effect of LY supplementation to sow diets during gestating and lactation
and to their offspring after weaning on growth performance and nutrient digestibility of their
offspring was investigated in a split plot design. Addition of LY to the sow diets had no effects
on birth weight, weaning weight, number of birth and mortality. Piglets had greater BW on d 21
and 42 postweaning when sows were supplemented with LY, and overall ADG was greater in
piglets from sows that received LY. There were no effects of sow and nursery diets on overall
ADFI and G:F. Supplementing LY during the nursery phase increased ATTD of DM, GE and P
during this phase. The ATTD of GE was also greater in piglets from sows that received LY. The
limitation of this study was that potential effects of LY supplementation on the microbiome
during gestation, lactation and nursery was not studied. Thus, it is impossible to determine
effects that may be due to the microbiome. Because the microbiome plays a very powerful role
regulating animal growth and health, future studies should focus on the relation of LY
supplementation during gestation and lactation to the gut microbiome in sows and how this could
be linked to the composition of the piglet microbiome.
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In chapter 6, effects of super dosing phytase on growth performance, nutrient digestibility
and serum inositol phosphates concentration of weanling pigs were investigated. Phytase
supplementation increased the BW on d 21, 35 and 49. ADG, ADFI and feed efficiency were
increased by 2000 FTU/kg phytase. Plasma inositol concentration in the fed state was higher in
2000 FTU/kg phytase. Phytase supplementation increased duodenal and ileal InsP disappearance.
Longissimus dorsi muscle plasma membrane GLUT4 concentration was increased by 2000
FTU/kg phytase. The super dosed level of phytase increased growth performance of nursery pigs
perhaps through mechanisms that may include its effects in increasing the concentration of
GLUT4 on muscle plasma membrane to enhance glucose uptake and utilization. A limitation of
this study was that there was no diet with myo-inositol supplementation to confirm that the
beneficial effects of the super dosed phytase treatment could be due to myo-inositol release by
phytase. Future studies will be needed to confirm the effects of myo-inositol on growth
performance of weanling pigs in a phosphorus adequate diet and to confirm that the extra
phosphoric effects of super dosed phytase could be through the release of myo-inositol.

In conclusion, these studies show that xylanase supplementation from weaning until 2 wk
post weaning had negative effects on growth performance of pigs, whereas xylanase
supplementation from 2 wk post weaning had beneficial effects on growth performance.
Supplementation of LY from weaning increased or in the gestation and lactation diets had
positive effects on nutrient digestibility and future growth performance. Age had a significant
effect on fecal microbial community, but xylanase and LY had minimal effects. Supplementation
of super dosed level of phytase to weaning pigs improved growth performance, perhaps by
increasing glucose uptake in muscles. Additional research is needed to determine nutritional
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need of the weanling pig in the immediate postweaning period and the effects of enzymes and
supplements such as yeast.
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